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FOREWORD 


From  experience  to  date  with  cesium  vapor  thermionic  converters, 
it  is  evident  that  a  number  of  material  problems  of  varying  degrees  of 
severity  must  be  overcome  before  reliable  vapor  converters  capable  of 
long  life  performance  (such  as  10,000  hours  and  longer)  will  be  realiz¬ 
able.  The  major  known  problem  areas  include  cesium  attack  on  converter 
materials  and  structures,  mechanical  and  physical  stability  of  envelope 
materials,  metal-ceramic  seal  integrity,  and  joining  problems.  Of 
considerable  importance  also  is  Attainment  of  a  more  complete  under¬ 
standing  of  discharge  phenomena  in  cesium  and  emission  from  cesiated 
surfaces. 

This  contract  was  originated  to  conduct  two  research  programs 
on  thermionic  converters.  The  first  program  was  concerned  with  vapor 
filled  thermionic  converter  materials  and  joining  problems,  and  the 
second  with  plasma  and  emission  research  pertinent  to  thermionic  con¬ 
verter  operation.  Specifically,  the  research  effort  was  to  be  divided 
into  the  following  areas,  as  outlined  in  the  contract: 

"1.  Cesium  Attack 


"a.  Mechanisms,  and  rate  of  attack  as  a  function  of  time, 
temperature,  and  cesium  pressure  for  various  types 
of  ceramic  bodies,  especially  Lucalox,*  97%  Aj^O-j 
and  99%  Ai^O-^  ceramics. 

“b.  Envelope  Material  ( 1 300 -  1800°C) 

Attack  resistance,  cladding,  coating. 

"c.  Brazing  alloys  ( 1300- 1800°C)  and  ceramic-metal 
seals  (800-900°C) 

Attack  resistance,  coating,  diffusion  bonding. 
(Elimination  of  brazing  alloys.) 


$ 

Lucalox  is  a  General  Electric  trade  name  for  a  high-purity  alumina 
ceramic. 


"2.  Envelope  Material  (Metals,  Ceramics,  Cermets) 

"a.  Mechanical  stability. 

"(1)  Grain  growth. 

Stabilized  materials,  SAP  materials,  single 
crystals. 

"(2)  High  temperature  strength. 

Creep,  thermal  fatigue,  embrittlement. 

"b.  Thermal  and  physical  stability. 

Outgassing,  thermal  and  electrical  conductivity, 
oxidation  resistance,  sublimination,  cesium  attack. 

"3.  Metal-Ceramic  Seals 

"a.  High  temperature  tolerance  (800-900°C). 

Thermal  cycling,  thermal  shock,  life. 

"b.  Environmental  effects. 

"4.  Joining  (Metal-tc-Metal) 


"a.  Brazing. 

High  temperature  (1200-2000  C)  brazing  process  and 
alloys.,  diffusion  or  sublimation  altered  solidus. 

"b,  Grain  growth,  high  temperature  strength,  ductility, 
expansion  properties  of  selected  brazing  alloys. 

"c.  Diffusion  bonding  as  a  substitute  for  brazing. 

"d.  Environmental  effects  on  brazing  alloys. 

"5.  Saturated  Emission  Data  from  Cesiated  Surfaces 


"The  measurements  shall  be  taken  over  a  range  of  substrate 
materials,  temperatures,  and  cesium  arrival  rates  of  inter¬ 
est  to  a  valid  scientific  interpretation  of  the  emission  prob¬ 
lem  and  to  the  practical  vapor  thermionic  converter  problem. 
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These  measurements  shall  be  made  in  very  carefully  de¬ 
signed  vehicles  to  reduce  to  a  minimum  such  problems  as 
fringe  area  emission  and  poor  substrate  temperature  distri¬ 
butions,  which  can  yield  misleading  data. 

"6.  Arc  Initiation  and  Maintenance  Potential  Investigations 

"Detailed  measurements  of  arc  initiation  and  maintenance 
potential  shall  be  made  over  cesium  pressures,  cathode 
temperatures,  and  spacing  conditions  for  geometries  and 
conditions  of  interest  to  the  vapor  thermionic  problems. 

"7.  Positive  Column  Data 

"Measure  the  positive  column  drop  with  a  variable  spacing 
research  vehicle. 

" 8.  Theoretical  Calculations 

"The  results  of  5,  6  and  7  shall  be  used  as  numerical  inputs 
to  calculate  as  precisely  as  possible  the  behavior  of  the 
vapor  thermionic  converter. 

"9.  Surface  Ionization  Studies 

"Sufficient  additional  work  should  be  done  in  this  area,  if 
necessary,  to  allow  a  definitive  interpretation  of  the  prob¬ 
able  ionization  processes.  " 

The  effective  dates  of  the  contract  were  November  15,  1961  through 
December  15,  1962  and  program  progress  for  this  period  is  detailed  in 
this  report.  During  the  contract  period,  efforts  were  concentrated  on 
four  phases  of  the  project:  i.e.  Item  1,  Cesium  Attack;  Item  3,  Metal- 
Ceramic  Seals;  Items  5  and  6,  Plasma  Research  and  Emission  from 
Cesiated  Surfaces.  These  areas  were  chosen  as  those  warranting  the 
most  immediate  investigation.  Assignments  of  responsibility  for  the 
individual  areas  of  research  in  process  were  as  follows:  Cesium  Attack  - 
Mr.  M.  J.  Slivka,  Metal-Ceramic  Seals  -  Mr.  R.  H.  Bristow,  and  Plasma 
Research  and  Emission  from  Cesiated  Surfaces  -  Mr.  M.  D.  Gibbous. 

A  section  including  an  abstract  for  each  phase  of  the  program  is 
presented  in  the  following  pages.  Then  each  phase  of  the  work  program 
is  detailed  in  individual  sections. 
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ABSTRACT 


VAPOR  FILLED  THERMIONIC  CONVERTER  MATERIALS  AND 
JOINING  PROBLEMS 

i.  Cesium  Attack 


This  report  describes  a  study  of  the  compatibility  of  specific 
materials  used  in  thermionic  converters  with  cesium  vapor  at  elevated 
temperatures.  The  materials  investigated  included  ceramics,  metal- 
ceramic  seals,  and  metals. 

Only  high-purity  alumina  ce  .  amic  bodies  exhibited  resist¬ 
ance  to  attack  by  cesium  vapor  at  temperatures  up  to  900  C.  Commer¬ 
cial  high  alumina  ceramics  which  were  tested  were  found  to  exhibit  un¬ 
predictable  degrees  of  susceptibility  to  attack  by  cesium  vapor. 

Active  alloy  metal-*,  'ramie  seals  employing  a  high-purity 
alumina  ceramic  brazed  to  tantalum  with  either  titanium-nickel  or 
zirconium  nickel  alloy  were  shown  to  resist  attack  by  cesium  vapor  at 
1  'lorr  pressure  up  to  900  C.  However,  extensive  attack  on  the  seals 
was  found  to  occur  when  the  cesium  pressure  was  increased  to  100  Torr. 

Data  were  obtained  for  a  number  of  metallic  materials  of 
inunest.  In  certain  cases  an  unusual  variation  was  exhibited  in  we  ight 
gain  and  weight  loss  as  a  function  of  temperature  as  a  result  of  reaction 
with  cesium  vapor.  The  significance  of  possible  material  transport 
being  the  result  of  attack  by  cesium  vapor  on  certain  metallic  materials 
is  discussed. 

II.  Metal  -  Ce  ramie  Seals 


The  reported  work  comprised  an  evaluation  of  the  high-tem- 
perature  capabi1’*  tit  .ium-n:ckel  bonded  ceramic  -  to- metal  seals, 
a  study  ot  the  el  r ,  sealing  alloy  composition  on  the  physical  and 
mechanical  properties  ot  the  joint,  and  an  investigation  of  new  ceramic- 
to- metal  sealing  systems  and  techniques. 
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Ceramic-to-c  eramic  and  ceramic -to-metal  seals  were  pre¬ 
pared  using  two  types  of  ceramics  (pure  sintered  alumina  and  a  97  per¬ 
cent  alumina)  and  six  metals  (titanium,  tantalum  Kovar.  nickel  Type 
304  stainless  steel,  and  Type  430  stainless  steel).  Foil  washers  of 
titanium  and/or  nickel  formed  a  liquid  phase  at  the  sealing  temperature 
and  effected  the  bond  to  the  ceramic.  Sealing  was  performed  in  vacuum. 

Life  testing  of  seals  was  performed  at  temperatures  of 
700°C  and  9C0°C,  in  a  vacuum  environment.,  with  cycling  to  room  tem¬ 
perature  every  240  hours.  Seals  were  examined  with  respect  to  vacuum 
tightness,  flexural  strength,  microstructure,  and  hardness  of  the  sealing 
alloy  as  well  as  changes  in  these  properties  which  occurred  as  a  result 
of  long  time  heat  treatment. 

Seals  or  sealing  alloys  containing  a  titanium  phase  (alpha 
or  beta  solid  solution)  exhibited  very  short  lives  at  900  C  due  to  con¬ 
tinued  reaction  with  the  ceramic,  resulting  in  hardening  and  embrittle¬ 
ment  of  the  alloy.  At  700°C,  the  same  mechanism  of  seal  degradation 
is  operative  but  at  a  reduced  rate.  At  this  temperature  the  best  lives 
were  recorded  for  seals  of  alumina- to-titanium  and  alumina- to-tantalum. 

At  900°C,  the  only  seals  which  had  lives  in  excess  of  several  hundred 
hours  were  titanium- shim  seals  of  alurnina-to- nickel  sealed  so  as  to 
form  TiNi^  at  the  interface. 

PLASMA  RESEARCH  PERTINENT  TO  THERMIONIC  CONVERTER 
OPERATION 

I.  Experimental  Studies  of  the  Emission  and  Discharge 
Cnaracteristic  s  of  the  Ta-Cs  System 

This  report  describes  emission  and  discharge  measurements 
made  on  a  Cs-Ta  emitter  in  a  tube  with  parallel  electrode  geometry  and 
with  an  adjustable  emitter  -  collec  tor  spac  ing  Some  disc  harge  and  spectro- 
graphic  measurements  on  a  Cs-W  emitter  are  also  described.  Emission 
results  indicated  that  this  particular  Ta-Cs  emitter  surface  has  an  emis¬ 
sion  capability  greater  than  that  reported  by  Taylor  and  Langmuir  for 
Cs-W,  while  the  emission  maxima  are  shifted  to  lower  temperatures. 

This  increase  in  emission  over  that  usually  reported  for  Cs-Ta  is  be¬ 
lieved  due  to  a  preferred  orientation  ol  the  tantalum  surtace.  The  large 
enhancement  of  the  emission  during  the  discharge  is  believed  due  to  the 
lowering  of  the  work  function  oy  the  effective  increase  m  the  adsorption 
of  cesium  which  is  due  to  the  increased  arm  a!  rate  caused  the  retard¬ 
ing  field  for  ions.  This  mechanism  is  probable  m  the  region  where  the 
surface  ionization  is  expected 
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The  discharge  studies  in\  jived  the  measurement  of  the 
breakdown  and  maintenance  potentials  of  the  hot  cathode  arc  discharge 
for  various  emitter-collector  spacings,  emitter  temperatures,  and 
cesium  pressures.  Corrections  for  the  contact  potential  and  sheath 
potentials  are  applied  to  the  experimental  data.  For  a  pressure  the 
order  of  one  millimeter,  and  high  emitter  temperatures,  the  results 
indicate  that  the  magnitude  of  the  emitter  sheath  potential  is  close  to 
the  first  resonance  level  of  cesium.  This  strongly  suggest  a  multi-step 
process. 


Ion  densities  determined  by  line  broadening  and  the  discharge 
parameters  were  measured  on  a  tungsten-emitter  tube.  These  tungsten 
data  are  similar  to  the  tantalum  data.  However,  these  results  mani¬ 
fest  the  need  for  having  the  emission,  discharge  parameters,  and  plasma 
properties  measured  simultaneously  in  the  same  experimental  vehicle. 
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CESIUM  ATTACK 
by 

M.  J.  Slivka 


INTRODUCTION 

The  use  of  cesium  vapor  in  thermionic  converters  for  space  charge 
neutralization  and  work  function  adjustment  introduced  the  problem  of 
compatibility  of  converter  construction  materials  with  this  reactive  ele¬ 
ment.  Limited  information  in  the  literature*’  ^  describes  the  spec¬ 

ific  corrosion  characteristics  of  cesium  on  various  materials,  whereas 
considerable  published  information  is  available  on  corrosion  or  attack 
phenomena  involving  other  element  of  the  alkali  metal  group,  namely 
sodium,  potassium,  lithium  and  rubidium.  *’  ®  ** 

In  early  work  with  cesium  vapor  converters,  conducted  within  the 
General  Electric  r  _mpany,  the  first  signs  of  a  cesium  attack  problem 
were  observed  in  the  ceramic/metal-ceramic  seal  area.  An  example  of 
this  problem  is  shown  in  Figure  1  *  which  depicts  a  c ros s- section  of  an 
active-alloy  metal- ceramic  seal,  taken  from  an  early  cesium  vapor  con¬ 
verter.  The  seal  had  operated  for  320  hours  in  a  temperature  range  of 
600  -  700  C  and  in  approximately  1  Torr  of  cesium  vapor,  before  seal 
and  subsequent  converter  failure  occurred.  The  effects  of  attack  by  the 
cesium  vapor  are  apparent  in  the  photomicrograph.  Evidence  was  also 
discernable  in  early  converters,  on  the  attack  by  cesium  vapor  on  other 
elements  of  the  devices,  in  particular  on  brazed  joints  operating  at 
elevated  temperatures. 

The  program  to  be  described  was  conducted  in  order  to  achieve  an 
unde r standing  of  the  phenomenon  of  cesium  attack  on  materials  and  to 
evolve  a  series  of  materials  that  are  resistant  to  cesium  which  could  be 
used  in  the  construction  of  reliable,  long-lived  vapor  thermionic  converters. 
Materials  that  were  studied  included  ceramic  materials,  active-alloy 
metal- ceramic  seals  and  metallic  materials.  The  order  just  given  is  that 
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in  which  they  were  studied,  in  general,  as  well  as  that  of  indicated 
succeptibility  to  attack  by  cesium  vapor. 

Samples  of  material  under  study  were  contained  in  one  of  two  types 
of  vessel  that  were  used.  One  was  constructed  of  stainless  steel  and  the 
other  of  a  high  purity  alumina  ceramic.  Most  of  the  tests  were  conducted 
in  1  Torr  of  cesium  vapor.  Tests  were  also  performed  in  10  Torr  and 
100  Torr.  The  range  of  temperature  over  which  materials  were  studied 
was  from  about  400  C  to  i ZOO  C,  depending  on  the  material.  The  time 
of  exposure  of  samples  to  the  cesium  vapor  was  m  most  cases  24  hours 
but  extended  tests  were  also  performed  in  excess  of  1000  hours  in  cer¬ 
tain  cases.  After  exposure  of  a  sample  to  cesium  vapor  the  extent  of 
attack  by  the  cesium  on  the  material  was  determined  by  the  change  in 
weight  produced  in  the  sample  or  through  visual  and  metallographic 
examination. 

SUMMARY 

Results  of  the  study  on  ceramic  materials  indicated  that  the  high 
alumina  (97  percent  AJ^Oj)  type  of  ceramic  being  employed  initially  in 
converter  fabrication  was  indeed  subject  to  attack  by  cesium  vapor  at 
elevated  temperatures.  The  results  demonstrated  further  that  high- 
purity  alumina  ceramic  bodies  such  as  sapphire,  Lucalox'  alumina, 
and  bodies  basically  comparable  to  Lucalox  alumina  were  resistant  to 
attack  by  cesium  vapor  up  to  a  temperature  of  Q00  C. 

Results  of  high  -  temperature  operation  in  cesium  v  apur  of  Lucalox 
alumina  and  bodies  basic  ally  comparable  to  Luc  tlox  alumina  have  shown 
that  such  bodies  are  resistant  tc  attack  bv  cesium  vapor  up  to  a  temper¬ 
ature  of  IS00UC.  U 

An  additional  tinding  on  <  e  ramie  mate  r  ’  al  >,  was  that  heat  treat¬ 
ment  (prior  thermal  history)  can  have  an  appreciable  effe>  t  on  the  extent 
to  which  a  ceramu  body  :  "  attacked  by  cesium  apor. 

In  the  study  of  ac  five  a’.! .  v  metal-*  eramic  sea’s  it  was  demon¬ 
strated  that  seal-,  containing  a"  .attack  -  re  s;st  ant  '  high  -  pur  ’  tv  alumna) 
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ceramic  brazed  with  either  titanium- nickel  or  zirconium-nickel  alloy 
to  tantalum  are  resistant  to  attack  by  cesium  vapor  at  a  pressure  of  1 
Torr,  in  accelerated  tests  performed  at  900  C.  Only  in  a  considerably 
higher  cesium  pressure  of  100  Torr  were  indications  observed  of  re¬ 
action  by  the  cesium  with  seal  components. 

A  variety  of  metallic  materials  of  po  ential  interest  in  thermionic 
converter  construction  were  evaluated.  First,  a  number  of  metals  and 
alloys  were  tested,  together,  in  approximately  1  Torr  of  cesium  at  a 
temperature  of  900  C  for  280  hours  in  a  screening  test.  Then  selected 
metallic  materials  were  tested  individually  and  in  considerable  detail. 

Results  of  the  screening  test  indicated  that  molybdenum  and  pos¬ 
sibly  the  stainless  steel  which  was  included  in  the  test  (Type  430)  alone 
showed  resistance  to  cesium  attack.  All  other  materials  tested  showed 
signs  of  reaction.  This  test  is  now  considered  to  have  been  very  crude, 
in  light  of  knowledge  gained  in  later  studies  on  metallic  materials,  and 
the  results  are  viewed  with  reservation. 

Time  available  in  the  present  program  permitted  detailed  reaction 
experiments  to  be  performed  only  on  copper,  a  65  w/o  copper- 35  w/ o 
gold  alloy,  and  platinum.  Results  of  these  tests  showed  that  for  copper 
and  platinum,  an  unpredictable  and  unusual  variation  of  the  extent  of  re¬ 
action  with  cesium  vapor  occurred  as  a  function  of  temperature.  Pos¬ 
sible  significance  of  these  unusual  results  are  discussed. 

EXPERIMENTAL  PROCEDURE  AND  EQUIPMENT 

I.  Test  Vessel 


Two  types  oi  test  vessel  were  used  to  hold  samples  of  ma¬ 
terial  during  testing,  one  being  constructed  of  stainless  steel  and  the 
other  of  high-purity  alumina  ceramic.  In  general,  the  study  program 
on  ceramic  materials  the  initial  survey  of  metal-ceramic  seals,  and 
the  screening  test  on  metallic  materials  were  conducted  using  the  stain¬ 
less  steel  type  of  test  vessel,  while  all  other  test  programs  exclusive  of 
those  listed  above  were  conducted  using  the  ceramic  vessel. 

The  vessel  used  tirsl  \  shown  schematically  in  Figure  2)  was 
constructed  of  Type  504  stainless  steel,  this  being  one  of  the  best  ma¬ 
terials  known  at  the  start  of  the  program  for  resisting  attack  by  alkali 
metals.  ^  h.  i.B,13,  10  Type  304  stainless  steel  is  also,  of  course,  a 
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material  which  can  be  operated  at  a  elevated  temperatures  in  air.  Oper¬ 
ation  or  testing  of  the  vessels  in  an  air  furnace  was  planned  in  order  to 
keep  the  testing  procedure  as  simple  as  possible.  The  container  proper 
consisted  of  a  six-inch  length  of  two-inch  diameter  stainless  steel  tubing 
with  a  stainless  steel  header  heliarc  welded,  under  helium  purging,  to 
each  end.  A  four-inch  length  of  1/4-inch  diameter  stainless  steel  tubing 
was  inserted  into  a  hole  in  the  center  of  one  of  the  headers  and  welded  in 
place.  This  tubing,  in  turn,  was  copper-gold  brazed  to  a  length  of  5/16- 
mch  diameter  OFHC  copper  tubing.  A  ce sium -  filled  metallic  pellet  was 
positioned  between  two  nickel  mesh  spacers  at  the  container  end  of  the  copper 
tubing,  while  a  threaded  male  connector  suitable  for  connecting  to  an  exhaust 
system  manifold  was  brazed  to  the  other  end  of  the  tubing  (dotted  line  in 
Figure  2). 


When  it  was  ascertained  that  Lucalox  ceramic  and  ceramic 
bodies  comparable  to  it,  such  as  the  A-976  body,  were  resistant  to 
attack  by  cesium  vapor,  the  test  vessel  proper  was  constructed  using 
the  Type  A-976  ceramic.  A  line  drawing  of  fhis  ceramic  test  vessel  is 
shown  in  Figure  3.  An  exploded  view  showing  the  component  parts  of  this 
test  vessel  is  presented  in  Figure  4  while  a  photograph  of  a  processed 
vessel  is  shown  in  Figure  5.  After  some  experience  in  the  use  of  the 
ceramic  vessel,  the  molybdenum  springs,  shown  in  Figures  3  and  4, 
were  omitted  as  being  unnecessary. 

Use  of  the  high-purity  alumina  ceramic  m  the  vessel  proper 
(in  place  of  stainless  steel)  offered  two  important  advantages.  First,  it 
was  believed  that  sublimation  and  out  gas  -  mg  of  extraneous  elements  and 
impurities  into  the  interior  ot  the  vessel  during  operation  would  be  min¬ 
imized.  Second,  testing  in  an  air  tur”  we  ■,  ould  be  av  t  ompli  shed  at 
higher  temperatures  (  >1000  C)  than  i-  possible  \«i:h  -tamles**  steel. 

Other  modi!  :c  ation  -  m  thi-  impro  <-u  te-t  .  o  ••tamer  included 

the  use  of: 

(1)  A  modiiiod  Luvalox  c  c  r  «m.i  '  A  -^To)  platform  or 
p  ule!  tor  supporting  -  »mpi»  -s  under  ic-t. 

(2)  A  radiation  battle  made  .>1  the  -am<  u'taiiuc  ma¬ 
ter.  ii  to  minimize  In)  trier  mil  radiation  Iron,  the 
hot  /.one  ot  the  vessel  toward  the  appendage  end, 
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and  (b)  sublimation  of  extraneous  material  from 
the  metallic  portion  of  the  vessel  m  the  direction 
of  the  test  samples. 

As  can  be  seen  in  Figures  2  and  3,  both  types  of  ’est  vessel 
employed  a  similar  type  of  appendage  section  which  served  two  purposes: 
(1)  it  was  the  means  by  which  the  vessel  was  exhausted,  and  (2)  it  served 
as  the  cesium  reservoir  section  of  the  final  processed  unit.  Copper  was 
selected  for  the  outer  section  of  the  appendage  for  two  reasons:  (1)  to 
insure  reliable  pinching  off  of  the  assembly  alter  exhaust,  and  (?.)  to 
provide  a  cesium  reservoir  section  having  uniform  temperature  distri¬ 
bution  (which  the  high  conductivity  of  copper  provided). 

Before  copper  was  finally  adopted,  two  potential  problems  in 
its  use  were  investigated  and  found  to  be  of  minor  com  ern.  One  possible 
problem  was  oxidation  oi  the  copper  during  test  operation,  which  was  in 
air,  when  the  copper  would  attain  a  temperature  of  278  C  while  testing 
materials  in  1  forr  of  cesium,  or  up  to  a  temperature  of  515  C  when 
testing  materials  up  to  100  Torr  of  cesium.  To  minimize  this  oxidation 
problem,  the  final  copper  section  of  the  appendage  was  nickel  plated 
using  a  sulfamate  bath  which  produces  a  dense  coat.  The  effectiveness 
of  this  procedure  m  minimizing  oxidation  of  the  underlying  copper  was 
proven  when  a  number  of  nickel -plated  copper  tubing  samples,  pinched 
off  on  both  ends,  were  operated  in  an  air  furnace  at  bOO  C  for  48  hours. 
The  pmch-offs  remained  leak  tight  and  no  appreci  ible  oxidation  of  the 
underlying  copper  was  observed  :r.  c  ross  -  sections  of  the  samples.  The 
cither  potential  problem  was  cesium  attack  of  th-‘  copper  during  test  oper¬ 
ation.  Metallogr apnic  examination  ol  the  copper  from  the  iirst  few  test 
vehicles  indicated  no  appreciable  reaction  with  the  copper  at  the  temper¬ 
atures  to  which  the  copper  was  subjected.  From  results  obtained  during 
the  study  of  copper  at  a  later  date,  however,  it  was  learned  that  copper 
does  begin  to  react  with  cesium  vapor  at  about  400  C.  This  reaction  will 
be  discussed  under  RESULTS.  III.  Metallic  Materials. 


A  metallic  pellet,  tilled  with  liquid  cesium,  was  positioned 
between  two  nickel  mesh  spa  rs  in  the  appendage  section  of  the  vessel. 
Prior  to  operating  a  test  vessel  containing  material  samples  (more 
spec  du  ally.  after  piruh-otf  of  the  vessel  trem  the  exhaust  system  and 
betore  nickel  plating),  the  pellet  was  crushed,  releasing  cesium  to  the 
interior  ot  the  vessel.  In  this  manner,  approximately  40  mg  of  cesium 
was  inserted  into  each  vessel.  A  final  step  in  the  preparation  of  the 
vessel  assembly  consisted  ot  squeezing  the  rus.o'd  section  of  the  appendage 
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in  a  vise  at  a  90-degree  angle  to  the  original  squeezing.  This  step  re¬ 
opened  the  crushed  section  of  the  appendage  allowing  for  free  flow  of 
cesium  vapor  along  the  full  length  of  the  reservoir  section. 

II.  Proce  s  sing 

Before  assembly  of  the  test  containers,  all  container  ma¬ 
terials  as  well  as  samples  of  materials  to  be  tested  were  chemically 
Cleaned  according  to  accepted  electronic  tube  fabrication  practice  con¬ 
sistent  with  the  type  of  material  involved.  After  chemical  cleaning,  the 
metallic  material  samples  were  fired  in  dry  hydrogen,  when  this  was 
compatible  with  the  material,  for  five  minutes  at  a  temperature  of  from 
850  C  to  1000  C,  the  actual  temperature  depending  on  the  specific  ma¬ 
terial  being  processed.  The  metallic  materials  which  were  tested  in 
the  screening  experiment  were  also  vacuum  fired  at  850  C.  There¬ 
after,  the  vacuum  firing  operation  of  material  samples  prior  to  incor¬ 
poration  into  a  test  vessel  was  omitted  since  the  samples  received  a 
vacuum  firing  at  an  appropriately  high  temperature  during  exhaust  of 
the  test  vessel.  The  final  operation  for  all  ceramic  materials  entering 
into  the  test  vessels,  including  ceramic  parts  of  the  vessels  as  well  as 
ceramic  samples,  consisted  of  an  air  firing  at  1000°C  for  one  hour. 

After  a  test  vessel  was  constructed,  the  unit  was  connected 
to  a  vacuum  system  by  means  of  the  threaded  connector.  After  suitable 
pumping,  the  temperature  was  raised  to  a  selected  value  by  induction 
heating  (in  the  case  of  the  stainless  steel  vessel)  or  in  a  globar  furnace 
(in  the  case  of  the  ceramic  vessel),  where  it  was  held  for  one  hour.  The 
temperature  selected  for  outgassing  was,  m  general,  kept  constant  for 
a  given  material  and  was,  with  few  exceptions,  at  least  as  high  as  the 
highest  planned  testing  temperature.  The  heating  r^te  was  so  controlled 
that  vacuum  pressure  v  as  maintained  below  1  x  10  Torr  throughout  the 
exhaust  process,  and  the  final  pressure  was  between  1  and  5  x  10"  Torr. 
After  this,  the  container  was  pinched  off  from  the  vacuum  system  in  the 
manner  shown  in  Figure  2;  the  cesium  pellet  was  crushed  to  release 
cesium  to  the  interior  of  the  vessel,  and  the  copper  was  nickel  plated  to 
provide  oxidation  resistance.  A  photograph  of  a  ceramic  type  test  vessel 
while  still  contained  in  the  bake-out  oven  and  after  exhaust  and  pinch  off 
is  presented  in  Figure  6. 
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III.  Test  Procedure 


Figure  7  shows  a  schematic  of  a  stainless  steel  type  test 
vessel  in  place  in  an  air  furnace  during  test.  The  location  of  thermo¬ 
couples  (chromel-alumel)  for  measuring  sample  temperature  and  cesium 
reservoir  temperature  is  shown,  the  former  being  spot  welded  to  the 
stainless  steel  container  and  the  latter  being  tightly  bound  to  the  end  of 
the  reservoir  with  nickel  wire.  In  this  case,  the  cesium  reservoir  tem¬ 
perature  was  adjusted  to  the  desired  value  by  moving  the  entire  test  con¬ 
tainer  longitudinally  in  or  out  of  the  furnace,  as  required,  after  the  de¬ 
sired  sample  temperature  had  been  reached  and  became  stabilized,  while 
keeping  the  mi.  n  portion  of  the  container  in  the  hot  zone  of  the  furnace, 
therby  adjusting  the  temperature  gradient  along  the  appendage.  In  this 
method  of  obtaining  the  desired  cesium  source  temperature,  the  mea¬ 
sured  temperature  at  the  cesium  reservoir  section  of  the  appendage  was 
the  desired  minimum  of  the  system.  A  hood  of  aluminum  foil  which  was 
formed  around  the  protruding  appendage,  served  to  minimize  extraneous 
effects  from  drafts  and  other  room  air  currents.  The  cesium  source 
temperature  could  be  controlled  to  about  ^  5  C  using  this  technique,  but 
the  process  of  adjusting  for  equilibrium  conditions  proved  to  be  cumber¬ 
some  and  time  consuming. 

With  the  adoption  of  the  ceramic  test  vessel,  a  change  was 
required  in  the  method  of  controlling  cesium  reservoir  temperature 
during  test.  In  this  type  of  vessel,  the  required  amount  of  heat  conduc¬ 
tion  between  the  ceramic  portion  of  the  vessel  and  the  appendage  section 
could  not  be  relied  upon  to  heat  the  reservoir  section  to  the  required 
temperature.  Also,  it  was  necessary  to  take  measures  to  avoid  over¬ 
heating  the  met al-to- ceramic  seal  in  the  assembly.  Accordingly  a  heat¬ 
ing  tape  was  used  for  independently  heating  the  reservoir  section  of  the 
vessel.  The  tape  was  wound  around  the  appendage  and  operated  from  a 
separate  temperature  controller  receiving  its  sensing  from  a  thermo¬ 
couple  bound  to  the  end  of  the  nickel-plated  copper  section.  Comparable 
reservoir  temperature  control  could  be  obtained,  as  witn  the  passive 
method  used  with  the  steel  vessel,  with  a  minimum  of  manual  adjust¬ 
ments  required  to  bring  all  temperatures  to  equilibrium.  A  photograph 
of  a  ceramic  vessel,  in  place  in  a  furnace  ready  for  test,  is  shown  in 
Figure  8.  The  aluminum  foil  has  been  removed  to  show  the  arrangement 
of  the  heating  tape. 

Standard  procedure  for  thermocouple  placement  around  the 
ceramic  type  of  vessel  consisted  of  one  thermocouple  bound  firmly  to 
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the  vessel  proper,  at  the  position  of  the  sample  inside,  for  measuring 
sample  temperature,  and  two  thermocouples  bound  firmly  to  the  end  of 
the  reservoir  section.  Of  the  latter  two,  the  controller  thermocouple 
was  placed  on  top  of  the  reservoir  temperature  measuring  thermocouple, 
which  was  in  direct  contact  with  the  nickel-plated  copper.  The  thermo¬ 
couples  consisted  of  chr omel- alumel  except  in  a  limited  number  of  tests 
performed  above  1100  C,  where  the  sample  temperature  measuring 
thermocouple  consisted  of  platinum-platinum  10  percent  rhodium. 

Before  this  system  employing  the  ceramic  vessel  c  aid  be 
used  with  assurance,  it  was  necessary  to  establish  the  fact  that  the  tem¬ 
perature  of  the  copper  section  of  the  appendage  was  the  minimum  of  the 
system  during  test  operation.  Otherwise,  of  course,  the  true  cesium 
pressure  during  testing  would  be  unknown.  This  was  accomplished  by 
attaching  additional  thermocouples  on  the  flat  portion  of  the  vessel  header 
and  another  thermocouple  near  the  seal,  and  operating  one  of  the  vessels 
over  the  expected  range  of  sample  test  temperatures  and  cesium  reser¬ 
voir  temperatures.  The  results  showed  that  the  reservoir  temperature 
remained  the  minimum  of  the  system  under  all  planned  test  conditions. 

When  the  sta.nless  steel  test  container  was  used,  it  was  re¬ 
moved  from  the  furnace  while  at  test  temperature  and  allowed  to  cool 
in  the  room  air  after  completion  of  an  experiment.  After  cooling,  the 
end  of  the  cesium  reservoir  section  was  cut  off  and  examined  to  assure 
the  presence  of  excess  cesium  in  the  vessel.  (This  portion  of  the  assem¬ 
bly  would  be  the  first  ,r>  cool  and  invariably  it  was  here  that  all  observ¬ 
able  excess  cesium  would  be  found.)  Then,  the  arc  weld  on  the  append¬ 
age  end  of  the  container  was  machined  off,  without  using  a  coolant,  and 
the  samples  were  removed  for  examination. 

Several  procedures  for  terminating  a  test  utilizing  the  cer¬ 
amic  test  vessel  were  evaluated  before  an  optimum  method  was  adopted. 
This  vessel,  being  made  of  ceramic,  could  not  be  removed  directly  from 
the  furnace  while  at  test  temperature,  lest  it  crack  from  thermal  shock. 
This  meant  that  a  gradual  cooling  was  required.  At  the  same  time,  with 
excess  cesium  remaining  in  the  vessel,  the  cesium  could  not  be  allowed 
to  condense  on  the  sample  during  the  cooling  period,  thereby  obliterating 
changes  in  weight  and  in  surface  condition  produced  in  the  sample  during 
test.  This  required  preferential  condensation  of  the  excess  cesium  in 
the  appendage  section  of  the  assembly  during  the  cooling  process.  Addi¬ 
tionally,  it.  was  required  that  the  sample  not  be  subject  to  cesium  pressure 
conditions  different  from  those  experienced  during  testing,  particularly 
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in  cooling  from  the  more  elevated  test  temperatures.  This  might  like¬ 
wise  alter  changes  in  weight  and  in  surface  condition  produced  during 
the  test  proper. 

The  test  termination  procedure  adopted  as  standard  with  the 
ceramic  vessel  was  as  follows.  At  the  end  of  the  testing  period,  the 
furnace  controller  setting  was  adjusted  to  a  temperature  about  70  C 
higher  than  the  existing  cesium  reservoir  temperature,  and  the  furnace 
and  vessel  were  allowed  to  cool  to  this  value  while  the  reservoir  heater 
was  left  in  operation,  maintaining  the  set  reservoir  temperature.  When 
the  vessel  temperature  reached  the  new  setting,  both  furnace  and  reser¬ 
voir  heater  were  turned  eff  simultaneously  and  the  entire  assembly  was 
allowed  to  furnace  cool  to  room  temperature.  Data  taken  on  a  number 
of  vessels  during  this  last  step  showed  that  the  reservoir  section  cooled 
quickly  (in  about  20  minutes)  to  about  100  C,  while  the  vessel  proper 
took  several  hours  to  cool.  As  with  the  steel  vessel,  the  excess  cesium 
contained  in  the  vessel  was  found  condensed  in  the  appendage  section  of 
the  assembly,  with  no  cesium  being  observed  in  the  opposite  end  of  the 
vessel  where  the  sample  was  located. 

After  a  vessel  had  cooled  to  room  temperature,  the  weld 
between  the  appendage  header  and  the  vessel  cup  was  cut  off,  and  the 
sample  was  removed  and  immediately  weighed.  Subsequently,  the  append¬ 
age  obtained  from  the  vessel  was  cut  open  and  examined  to:  (a)  assure  the 
presence  of  excess  cesium  in  each  case,  and  (b)  to  note  the  appearance 
of  the  copper  inside,  which,  if  bright,  was  an  additional  check  that  the 
vessel  had  remained  leak  tight  during  test. 

IV.  Samples  and  Measurements 


A  list  of  the  various  materials  tested  during  this  program  is 
given  in  T able  1. 

The  extent  of  attack  on  samples  of  materials  being  tested  was 
measured  principally  by  measuring  change  in  weight  produced  under 
given  test  conditions.  Metallogr aphic  and  visual  examination  were  also 
used  to  observe  mic rostructur al  and  other  changes  produced  as  a  result 
of  attack  by  cesium  vapor  especially  in  the  case  of  gross  attack  on  ma¬ 
terials,  in  the  work  on  metal-ceramic  seals,  and  as  a  general  check  on 
exposed  materials.  It  was  concluded,  in  the  course  of  the  work,  that  a 
change  in  weight  of  a  material  sample  was  a  more  sensitive  measure  of 
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Table  I  -  List  of  Material  Samples  Tested 


A.  Ceramics 


1. 

Commercial  90%  Beryllia 

7. 

G-E  97%  Alumina  (  A-923)* 

2. 

Commercial  8  5%  Alumina 

8. 

G-E  97%  Alumina  (  A-922)* 

3. 

Commercial  99.  5%  Alumina 

9. 

Sapphire 

4. 

Commercial  94%  Alumina 

10. 

G-E  Lucalox  Alumina 

5. 

G-E  Forsterite  (F-202)* 

11. 

Modified  Lucalox  (  Type  A-974)* 

6. 

G-E  97%  Alumina  (  A-917)* 

12. 

Modified  Lucalox  (  Type  A-976)* 

B.  Metal-Ceramic  Seals 

1.  Tantalum  -  (  Zirconium-Nickel)  -  97%  Alumina  (  A-923)* 

2.  Tantalum  -  (  Titanium- Nickel)  -  G-E  96%  Alumina  (  2548)** 

3.  Tantalum  -  (  Zirconium-Nickel)  -  G-E  Lucalox  (  A-976)* 

4.  Tantalum  -  (  Titanium- Nickel)  -  G-E  Lucalox  (  A-976)* 

C.  Metallic  Materials 

1.  Molybdenum  -  0.  Oil-inch  strip 

2.  Tantalum  -  0.005-inch  strip 

3.  Platinum  -  1/8-inch  wide  x  0.002-inch  ribbon 

4.  Columbium  Alloy  (FS-82)  -  0.010-inch  strip 

5.  Type  430  Stainless  Steel  -  0.010-inch  strip 

6.  High  purity  Nickel  (1001)  -  0.  006-inch  strip 

7.  OFHC  Copper  -  0.010-inch  strip 

8.  Copper-Gold  (  50%- 50%)  -  0.060- inch  diameter  wire 

9.  Gold  -  0.001-inch  foil 

10.  Fe-Cr-A£-Y  Alloy  -  0.011-inch  strip 

1 1.  Carboloy  (  WC  +  6%  Co)  -  0.  053-inch  diameter  rod 

*Power  Tube  Department  designation 
''"Research  Laboratory  designation 
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the  initiation  or  extent  of  attack  by  cesium  vapo^  tha  1  v; as  the  result  of 
metallogr aphic  or  visual  examination.  For  example,  conclusive  evidence 
of  attack  was  not  observed  by  metallogr  aphic  examination  in  certain 
metallic  materials,  such  as  in  the  case  of  copper-gold  alloy  samples 
after  24-hour  exposures,  in  spite  of  the  fact  that  a  substantial  change  in 
weight  was  observed. 

A  Sartorius  (Semi-Mikro)  Selecta  balance  readable  to  0.  01 
mg  with  a  precision  of  0.02  mg  according  to  the  manufacturer's  specific¬ 
ation,  was  used  for  weighing.  The  total  random  error  inherent  in  the 
weighing  process  was  determined  to  be  -0.03  mg  by  repeated  weighing 
at  random  time  intervals  over  a  period  of  a  week,  of  a  cleaned  and  fired 
stainless  steel  sample  selected  for  the  purpose.  A  riinimum  of  three 
weighings  was  made  on  each  sample,  before  and  after  a  test,  and  the 
average  of  these  weights  was  taken  as  the  measured  value.  Samples  of 
metallic  materials  were  weighed  to  the  nearest  0.01  mg,  while  ceramic 
material  samples  were  weighed  to  the  nearest  0.  1  mg. 

In  most  of  the  experiments,  exposure  time  of  a  sample  to 
cesium  vapor  under  specific  temperature  and  cesium  pressure  conditions 
was  held  constant  at  24  hours.  This  time  period  was  selected  as  being 
sufficient  to  allow  measurable  reaction  to  take  place  between  cesium 
vapor  and  a  sample  under  test,  and  yet  was  not  so  long  that  an  inordin¬ 
ately  long  test  time  w'ould  be  required  to  completely  investigate  the  rate 
of  reaction  versus  temperature  relationship  for  a  given  material.  This 
was  particularly  significant  when  it  became  evident  that  tests  conducted 
at  temperatures  spaced  at  short  intervals  were  required  to  encompass 
unusual  variations  in  degree  of  reaction  versus  temperature. 

RESULTS 

I.  Ceramics 


The  results  obtained  on  the  various  types  of  ceramic  materials 
tested  in  the  first  part  ol  the  program,  i.e.,with  the  use  of  the  stainless 
steel  vessel,  are  summarized  m  Table  II  and  plotted  in  Figure  9  in 
terms  of  gam  in  weight  per  unit  area  versus  temperature  after  a  24-hour 
exposure  in  approximately  1  Torr  of  cesium.  It  should  be  noted  that  the 
values  (AW/ cm  )  plotted  along  the  ordinate  in  Figure  9  differ  from  those 
reported  previously  for  the  same  set  of  curves. 


1-11 


Table  II  -  Results  Obtained  on  Ceramic  Materials  Tested  for  24  Hours 
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(  a)  Ordinal  weight  m  gram*,  weighed  to  nearest  0,  1  mg 


A  commercial  beryllia  ceramic,  containing  90  percent  BeO, 
exhibited  severe  attack  in  24  hours  starting  at  a  temperature  of  about 
650°C  (Figure  9,  Curvel),  and  the  rate  of  attack  increased  rapidly  with 
temperature.  The  composition  of  this  ceramic  body  was  not  determined 
during  the  course  of  this  study  program  except  that  it  contained  a  nom¬ 
inal  90  percent  of  BeO,  as  reported  by  the  manufacturer.  Also,  it  was 
noted  that  the  ceramic  body  was  quite  porous  when  it  was  examined 
metallographically  after  having  been  exposed  to  cesium  vapor  at  the 
various  elevated  temperatures  For  these  reasons  it  is  believed  that 
the  results  reflect  the  properties  of  a  specific  commercial  beryllia  cer¬ 
amic  only  and  not  of  BeO  per  se. 

Three  commeicial  alumina  bodies  of  varying  Ai^Oj  content 
{85  percent,  99.  5  percent  and  94  percent,  as  published  by  the  mnnu- 
facturers)  were  tested  with  the  results  shown  in  Figure  9,  Curves  2,  3, 
and  4,  respectively.  All  were  attacked  severely  by  the  cesium  but  the 
extent  of  the  attack  as  a  function  of  temperature  had  no  consistent  re¬ 
lationship  to  the  content.  It  should  be  noted  particularly  that  the 

99.  5  percent  AJ^Oj  body  (Figure  9,  Curve  3)  was  attacked  more  exten¬ 
sively  as  a  function  of  temperature  than  was  a  body  containing  94  percent 
Aj^Oj  (Curve  4). 

Results  of  an  anomalous  nature  were  obtained  on  three  Gen¬ 
eral  Electric  Power  Tube  Department  bodies,  a  Forsterite  ceramic, 

F-202,  and  two  97  percent  Af^O^  bodies,  A-917  and  A-923.  The  results 
are  shown  in  Figure  9,  Curves  5,  6,  and  7,  respectively.  These  ceramic 
bodies  exhibited  decreasing  cesium  attack  with  increasing  temperature 
between  740  C  and  900  C.  The  effect  was  shown  to  be  real  and  not  due 
to  a  possible  unaccounted  loss  in  weight  that  occurred  during  the  high 
temperatures  experienced  during  exhaust  and  test.  The  depth  of  reaction 
as  determined  metallographically  also  decreased  with  increasing  temper¬ 
ature  for  the  two  alumina  bodies  in  question,  as  shown  in  Figure  10. 

One  of  these  ceramic  bodies  (A-923)  was  subsequently  studied  in  greater 
detail,  as  described  later,  to  ascertain  the  nature  of  the  indicated  anom¬ 
alous  behavior. 

A  somewhat  surprising  result  was  obtained  with  the  third  97 
percent  Ai^Oj  body  produced  internally  (A-922)  as  shown  in  Figure  9, 
Curve  8.  Here,  the  anomalous  effect  was  not  obtained  as  in  the  case  of 
the  other  97  percent  alumina  ceramics  (A-917  and  A-923)  and  the  level 
of  attack  by  cesium  vapor  at  temperatures  up  to  900°C  for  24-hour  periods 
was  definitely  lower,  as  measured  by  weight  change  and  as  noted  in 
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inetallographic  examination.  The  unusual  feature  in  these  results  stems 
from  the  fact  that  all  three  97  percent  alumina  bodies  experienced  the 
same  sintering  schedule;  in  fact,  they  were  fired  at  the  same  time  (the 
significance  of  which  will  be  referred  to  later).  Also,  the  A-922  body 
contains  the  same  fluxing  agents  as  A-923,  except  in  different  propor¬ 
tions.  It  is  believed  that  the  difference  observed  in  behavior  in  cesium 
vapor  is  a  function  of  the  latter  condition,  that  is,  the  difference  in 
composition  of  the  fluxing  agents.  This  will  be  discussed  in  greater 
detail  in  the  DISCUSSION. 

Four  ceramic  bodies  showed  no  evidence  of  attack  (either  by 
change  in  weight  or  as  evidenced  in  metallographic  examination)  after 
the  24-hour  exposures  at  temperatures  up  to  900  C  in  the  cesium  of 
approximately  1  Torr  pressure.  These  ceramic  bodies,  which  are  listed 
but  not  plotted  in  Figure  9,  were  sapphire,  Lucalox  alumina,  and  tw'o 
modified  versions  of  Lucalox  alumina,  designated  A-974  and  A-97b.  The 
two  modified  Lucalox  alumina  bodies  are  fundamentally  the  same  as  true 
Lucalox  alumina,  except  that  a  less  expensive  alumina  powder  is  used 
in  the  starting  material  of  the  former,  and  time-temperature  sintering 
conditions  are  reduced  during  manufacture. 

In  a  subsequent  test,  samples  of  these  tour  bodies,  a  sample 
of  A-922  (the  promising  Q?  percent  Ai^Oj  body),  and  a  sample  of  the  94 
percent  AJt?Oi  body  used  as  a  control  were  tested  in  the  same  cesium 

c  J  o 

pressure  as  before  and  in  the  same  vessel  at  800  C  for  1076  hours.  No 
evidence  of  attack  was  observed  in  the  case  of  sapphire  and  the  three 
types  of  Lucalox  alumina  either  in  terms  of  change  in  weight  or  as  a 
result  of  metallographic  examination,  the  A-922  body  showed  moderate 
attack,  and  the  94  p,  rcent  At  ,0^  body  was  corroded  throughout. 

For  lllustr  itive  purposes,  Figure  11  shows  a  photomicro¬ 
graph  of  a  ceramic  body.  85  percent  Al^Oj,  alter  attack  by  cesium  vapor, 
while  Figure  12  show  s  a  pnotomic  rogr aph  of  the  modified  Lucalox  Type 
A-97b  ceramic  sample  which  was  not  attacked  m  the  test  of  24  hours  at 
800  C  and  a  cesium  temperature  of  iOU  C. 

These  tests  described  on  ceramic  materials  were  conducted 
in  the  stainless  steel  type  of  vessel.  Subsequently,  the  ceramic  type  of 
vessel  was  used  when  the  A-923  ceramic  which  had  exhibited  the  anom¬ 
alous  behavior  described  previously,  was  selected  for  additional  study 
of  this  effect.  Here,  individual  samples  of  A-°23  ceramic,  disks  1.030 
inches  in  diameter  by  C.  0Q4  inch  thick,  were  each  operated  m  1  Torr  of 
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cesium  vapor  at  various  temperatures  between  650  C  and  1100  C  for  a 
period  of  24  hours.  The  results  obtained,  in  terms  of  gain  in  weight  per 
unit  area  (mg/cm^)  versus  temperature,  are  shown  plotted  in  Curve  A 
of  Figure  13.  It  was  clear  that  a  discrepancy  existed  between  these 
results  and  those  obtained  previously  on  the  same  ceramic  body.  The 
variation  of  weight  change  versus  temperature  followed  a  "normal" 
course,  i.e.,  it  increased  exponentially  with  temperature  with  no  indic¬ 
ation  of  the  anomalous  effect  observed  previously. 

Various  parameters  in  the  testing  procedure  were  varied  in 
an  effort  to  repeat  the  results  obtained  previously  with  no  success. 

Perhaps  the  most  significant  change  made  in  the  intervening  period  was 
in  the  type  of  vessel  used.  Therefore,  using  the  same  type  of  ceramic 
samples  (A-923),  several  tests  were  repeated  in  a  stainless  steel  vessel, 
following  the  exact  same  test  procedure  used  in  the  tests  which  yielded 
the  anomalous  results.  Also,  other  variables  such  as  condensing  out 
(by  placing  a  water  cooled  copper  plate  in  contact  with  the  tip  of  the  append 
age  during  the  cooling  period)  versus  not  condensing  our  of  the  excess 
cesium  in  the  ceramic  vessel  at  the  completion  of  the  test  period  were 
investigated  in  repeat  tests.  Investigation  of  the  variables  accounts  for 
the  group  of  points  shown  plotted  around  780  C  on  Curve  A  of  Figure  13. 
None  of  the  variations  investigated  affected  the  results;  all  data  obtained 
could  be  plotted  on  Curve  A. 

Further  study  at  this  point  revealed  a  significant  fact.  It  was 
ascertained  that  the  latter  samples  of  the  A-923  ceramic  body  were  from 
a  different  firing  lot  thanthe  former  (anomalous)  group.  A  different 
sintering  schedule  had  been  used  for  the  second  group  of  ceramics  which 
included  a  normal,  slow  cool  from  maturing  temperature,  whereas  the 
group  exhibiting  the  anomalous  behavior  came  from  an  experimental  lot 
which  had  received  a  fast  cool.  (Further  details  are  given  under 
DISCUSSION.  ) 

Accordingly,  a  new  batch  of  A-923  samples  was  prepared 
from  the  older  (fast  cool)  lot  of  material  and  the  series  of  experiments 
were  repeated.  The  results  are  shown  as  Curve  B  of  Figure  13.  It  was 
concluded  that  the  unusual  behavior  thus  exhibited  stemmed  from  the 
particular  prior  thermal  history  of  the  ceramu  samples.  (See  DISCUS¬ 
SION.  )  The  data  shown  plotted  in  Figure  1  3  are  summarized  .n  Table  III. 
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II.  Metal-Ceramic  Seals 


The  metal- ceramic  seal  portion  of  the  program  was  con¬ 
ducted  in  two  phases.  In  the  first  phase,  a  broad  investigation,  initiated 
to  gain  knowledge  on  the  problem,  consisted  of  accelerated  testing  on 
samples  of  early,  state-ot-the-art  vapor  thermionic  converter  seals  at 
a  temperature  of  800  C  and  in  approximately  1  Torr  ot  cesium  vapcr 
(300  C  cesium  source  temperature)  in  the  stainless  steel  vessel.  These 
seals  contained  96  percent  and  97  percent  Al^O^  alumina  bodies.  Fce- 
sults  of  this  investigation  indicated  that  severe  attack  by  cesium  was 
occurring  on  the  ceramic  portion  of  the  seals  and  possibly  on  the  ceramic 
to- active  -  alloy  interface  region. 

When  '.t  was  determined  that  it  was  necessary  to  use  a  high- 
purity  alumina  type  of  ^eramic  in  the  seals  to  avoid  attack  on  the  ceramic 
proper,  a  series  of  test  seals  was  made  using  this  type  of  ceramic  body 
(A-976)  brazed  to  tantalum  by  titanium-nickel  and  zirconium- nickel 
alloy.  As  the  second  phase  of  this  part  of  the  cesium  attack  program, 
these  seals  were  then  studied  l :i  detail  in  the  ceramic  type  of  test  vessel 
to  determine  where  other  attack  problems,  if  any,  existed. 

The  seal  shown  in  Figure  i,  which  experienced  attack  by 
cesium  vapor  after  320  hours  at  temperatures  between  o00°C  and  700°C, 
contained  tantalum  brazed  to  a  67  percent  alumina  body  (A-623)  with 
eutectic  zirconium  -  me  kel  alloy.  Subsequently,  accelerated  tests  were 
performed  on  samples  of  similar  active-alloy  seals  at  a  temperature  ol 
800  C  and  a  cesium  reservoir  temperature  of  300  C  for  various  lengths 
of  time.  Figure  14  shows  cross- sections  of  tantalum-(z,rconr<  n-mckel)- 
67  percent  alumina  ceramic  (A-Q23)  seals  tested  under  the-e  conditions 
lor  24  hours.  15  hours  and  t>  hours,  reading  Irom  left  to  right.  The 
tantalum  portion  ol  the  seals  is  not  readily  apparent  m  the  r'hotonv.c  ro- 
graphs  of  the  seal  cross  -  sec  turns.  It  was  sealed  to  the  right  side  of  each 
c  e  ramie . 


Figure  15  shows  tan?  alum  -  ( tit  unium- me  kcl)  -6b  percent  alum¬ 
ina  ceramic  sc  !,t  tested  under  the  same  conditions.  Here  the  tantalum 
was  sealed  to  both  sides  ol  the  ceramic.  The  type  ol  ceramic  employed 
m  the  seals  shown  in  Figure  15  was  not  included  m  the  prevs;_s  series 
of  tests  on  ceramic  bodies. 


It  should  be  noted  that  in  both  of  these  types  ol  seal,  the 
attack  on  the  particular  ceramics  used  could  have  been  predic  ted  it  result 


on  ceramic  materials  reported  in  the  previous  section  had  been  avail¬ 
able  at  the  time  of  the  tests.  Actually  results  on  the  ceramic  materials 
reported  in  the  previous  section  were  being  obtained  simultaneously  or 
were  available  at  a  later  date. 

Study  of  the  active-alloy  metal-ceramic  seals  was  then  pur¬ 
sued  in  greater  detail,  using  the  attack  resistant  Lucalox  Type  A-976 
ceramic  in  the  seals.  Emphasis  was  placed  on  investigating  the  compat¬ 
ibility  with  cesium  vapor  of  seal  constituents  other  than  the  ceramic, 
particularly  the  brazing  alloy  and  the  reaction  products  formed  between 
this  alloy  and  the  ceramic. 

Tests  were  made  at  900°C  in  cesium  pressures  of  1  Torr 
and  100  Torr  on  sections  of  sample  backed-up  butt  seals  consisting  of 
the  A-976  ceramic  brazed  to  tantalum  with  titanium- nickel  and  zircon¬ 
ium-nickel  brazing  alloy.  For  the  main  series  of  tests,  pairs  of  seal 
sections  each  containing  one  of  the  two  brazing  alloys  were  operated  to¬ 
gether.  In  these  tests  the  tantalum  thickness  was  held  constant  at  0.010 
inch.  In  a  parallel  experiment,  several  groups  of  seals  were  made  and 
tested  in  which  the  tantalum  seal  metal  thickness  was  varied,  including 
0.010  inch,  0.020  inch,  and  0.030  inch.  Tne  brazing  alloy  was  titanium- 
nickel.  The  objective  was  to  determine  the  effect  of  mechanical  stress 
in  seals  on  the  rate  of  attack  by  cesium  vapor,  the  variable  stress  being 
produced  by  the  different  thicknesses  of  seal  metal.  Originally,  it  was 
planned  to  make  the  series  of  stressed  seals  using  different  thicknesses 
of  molybdenum  for  the  seal  metal.  It  was  found,  however,  that  satis¬ 
factory  seals  could  not  be  made  consistently  using  molybdenum  greater 
in  thickness  than  0  010  inch. 

A  summary  of  test  conditions  which  applied  in  experiments 
on  the  active-alloy  seals  is  given  m  Table  IV. 

Spec  it  ic  cross- sections  of  the  sample  seals  were  made:  (1) 
tor  optimum  exposure  of  all  seal  constituents  to  the  cesium  atmosphere 
during  test,  and  (2)  for  subsequent  evaluation  of  extent  of  cesium  attack. 
These  are  shown  in  Figure  16. 

For  the  first  purpose,  the  cylindrical  seal  assemblies  were 
cut  across  on  the  diameter  and  the  resulting  faces  were  metallogr aphic- 
ally  polished.  This  cross-section,  termed  the  transverse  section,  is 
shown  in  Figure  16B.  Alter  being  cleaned,  which  followed  the  polishing 
operation,  the  transverse  sections  were  examined  metallographically 
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Table  IV  -  Cesium  Compatibility  Test  Conditions,  Active-Alloy 
Metal-to- Ceramic  Seals 
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-6A  0.010  inch  Ta-TiNi-A976  seal,  transverse  section  900  No  cesium  -  144 

-6A  0.010  inch  Ta-TiNi-A976  seal,  longitudinal  section  900  No  cesium  -  144 

-11A  0.010  inch  Ta-ZrNi-A976  seal,  transverse  section  900  Nc  cesiui.',  -  144 


and  photomicrographs  of  typical  examples  were  taken,  before  testing  in 
cesium  vapor.  Examination  and  photomicrographing  were  repeated  after 
exposure  to  cesium  in  the  tests. 

Then,  the  transverse  section  was  mounted  and  a  cut  was 
made  perpendicular  to  one  of  the  faces,  as  shown  in  Figure  16C.  The 
new  face,  called  the  longitudinal  section,  was  polished,  examined  metal- 
lographically,  and  photomicrographed.  This  latter  cross- sectioning 
permitted  viewing  the  profile  of  all  constituents  in  the  sample  seals  and 
determining  the  extent  of  attack  on  specific  components. 

No  detectable  reaction  between  the  cesium  and  constituents 
of  either  the  titanium-nickel  or  the  zirconium-nickel  seals  was  observed 
after  24  hours,  after  144  hours,  or  after  1000  hours  at  900°C  and  1  Torr 
of  cesium.  In  Figures  17  and  18,  the  transverse  sections  of  a  titanium- 
nickel  and  a  zirconium- nickel  seal,  respectively,  are  shown  before  test¬ 
ing  in  cesium.  The  transverse  sections  of  the  corresponding  types  of 
seal  samples  are  shown  in  Figures  19  and  20  after  144  hours  at  900  C 
in  1  Torr  of  cesium  and  in  Figures  21  and  22  after  1000  hours  under  the 
same  conditions.  As  can  be  seen  in  Figures  19  and  20,  in  particular, 
the  ceramic  in  the  seal  is  separated  from  the  brazing  alloy.  This  separ¬ 
ation  occurred  during  handling  of  the  transverse  sample  after  the  test  in 
cesium.  It  was  learned  through  experience  with  this  and  subsequent 
samples  that  very  careful  handling  was  required  to  keep  samples  of 
active-alloy  seals  intact  after  test  operation  at  a  temperature  of  900  C. 
(See  SECTION  II  of  this  report  on  embrittlement  of  active-alloy  seals 
during  high-temperature  operation.  ) 

It  was  concluded  that  the  discoloration  or  darkening  of  the 
brazing  alloy  seen  in  Figures  19  through  22  was  the  result  of  thermal 
etching  that  took  place  during  the  900  C  operation  rather  than  the  result 
of  reaction  with  cesium.  The  first  supporting  evidence  for  this  conclu¬ 
sion  was  the  fact  that  similar  active-alloy  metal-ceramic  seal  samples 
being  operated  in  vacuum  at  900  C  (described  in  SECTION  II  of  this  report) 
all  showed  similar  darkening  of  the  brazing  alloy.  More  direct  evidence 
was  obtained  when  the  longitudinal  sections  of  the  samples  in  question 
were  examined.  The  longitudinal  sections  of  the  titanium- nickel  and  the 
zirconium- nickel  brazed  samples  corresponding  to  those  depicted  in 
transverse  section  in  Figures  19  through  22  are  shown  in  Figures  23 
through  26  respectively.  No  evidence  of  reaction  by  the  cesium  vapor 
was  observed.  For  comparison  purposes,  the  longitudinal  section  of  a 
titanium- nickel  brazed  seal  is  shown  in  Figure  27  after  operation  at 
900  C  for  144  hours,  with  no  cesium  included  in.  the  test  vessel. 
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After  24  hours  at  900°C  and  100  Torr  of  cesium,  a  slight 
surface  reaction  on  both  the  titanium- nickel  and  zirconium- nickel  braz¬ 
ing  alloy  constituents  was  observed.  After  144  hours  under  the  same 
conditions,  what  appears  to  be  an  alloying  between  the  brazing  alloy  and 
the  cesium  occurred,  forming  a  low  melting  product  that  flowed  over  the 
seal  constituents,  preferentially  over  the  metallic  constituents  of  the 
seals.  This  can  be  seen  in  Figures  28  and  29,  the  transverse  sections 
of  titanium- nickel  and  zirconium- nickel  brazed  seal  samples,  respectively, 
after  144  hours  at  900  C  in  100  Torr  of  cesium.  An  additional  point  to 
be  noted  in  the  last  two  figures  is  that  the  ceramic  became  etched  during 
operation  at  100  Torr  of  cesium.  The  longitudinal  section  of  the  titanium- 
nickel  brazed  seal,  from  the  two  just  described,  is  shown  in  Figure  30, 
unetched,  and  in  Figure  31,  etched.  As  can  be  seen  in  these  four  illus¬ 
trations,  the  ceramic  became  separated  from  the  brazing  alloy  during 
handling  of  the  samples  after  the  test  operation  in  cesium  vapor. 

A  composite  view  of  the  entire  transverse  section  of  a  titan¬ 
ium-nickel  seal  containing  0.020-inch  thick  tantalum  seal  metal  (from 
one  of  the  "stressed"  seal  series  that  was  tested)  is  shown  in  Figure  32 
after  144  hours  at  900  C  in  100  Torr  of  cesium  vapor.  This  further 
illustrates  the  flowing  effect,  in  addition  to  revealing  the  fact  that  the 
product  which  is  formed  in  the  test  operation  in  the  high  pressure  of 
cesium  tends  to  originate  in  the  brazing  alloy  fillet  of  the  seal  where 
an  excess  of  the  brazing  alloy  is  found.  Another  composite  view  of  the 
entire  transverse  section  of  a  titanium- nickel  brazed  seal  after  144  hours 
at  900  C  in  100  Torr  of  cesium  vapor  is  shown  in  Figure  33. 

In  the  series  of  seals  containing  different  thicknesses  of  seal 
metal,  no  evidence  of  attack  was  observed  sifter  144  hours  at  900  C  in 
1  Torr  of  cesium.  At  100  T  ^rr  of  cesium  and  the  same  time  and  tem¬ 
perature,  all  samples  exhibited  the  alloying  and  flow  effect.  No  effect 
attributable  to  the  different  seal  metal  thicknesses,  and  thus  to  the  sup¬ 
posed  different  stress  levels,  was  demonstrated  in  either  group  of  seals. 

III.  Metallic  Materials 


The  evaluation  of  the  compatibility  of  metallic  materials  with 
cesium  vapor  was  also  conducted  in  two  phases.  In  the  first  phase, 
selected  materials  of  random  size  and  shape  were  exposed,  in  the  same 
stainless  steel  vessel,  to  cesium  vapor  of  approximately  1  Torr  (300°C 
reservoir  temperature)  for  281  hours  at  a  temperature  of  900°C.  Then, 
they  were  examined  visually  and  metallographically  to  determine  extent 
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of  reaction  with  the  cesium  vapor.  This  was  a  rather  crude  screening 
test  performed  in  order  to  obtain  urgently  needed  information  as  soon  as 
possible  for  converter  design  purposes.  In  the  second  phase,  selected 
metallic  materials  were  studied  in  the  ceramic  test  vessel,  one  sample 
at  a  time,  varying  temperature,  cesium  pressure,  and  time. 

Before  the  group  of  metallic  materials  was  selected  for  test 
in  the  first  phase  of  this  study,  constitution  diagrams  of  the  various 
combinations  of  elements  involved  were  examined  to  make  sure  that  no 
combinations  were  present  which  would  form  a  melt  at  the  intended  test 
temperature  of  900  C.  As  a  result,  several  materials  under  consider¬ 
ation,  for  example  silver,  were  eliminated.  Even  so,  after  the  test  was 
completed,  there  was  evidence  of  some  interaction  having  occurred 
between  the  samples  that  were  selected,  so  that  the  results  of  the  test 
are  viewed  with  reservations. 

Figures  34  through  37  show  photomicrographs  of  the  most 
severely  attacked  of  these  metallic  materials,  namely,  OFHC  copper, 

50  w/ o  copper- 50  w/ o  gold  alloy,  gold,  and  platinum,  respectively, 
after  the  operation  at  900  C  for  281  hours  in  approximately  1  Torr  of 
cesium.  The  results  of  visual  and  metallogr aphic  examination  of  these 
samples  are  summarized  in  Table  V. 

When  a  quantitative  study  of  metallic  materials  was  under¬ 
taken  in  the  second  phase  of  this  work,  the  ceramic  type  of  test  vessel 
was  used  and  samples  of  uniform  size,  except  for  thickness  of  material, 
were  used.  The  samples,  disks  7/8  inch  in  diameter,  were  punched 
from  sheet  material.  In  each  experiment,  an  individual  sample  of  a 
material  was  used.  Time  and  funds  available  permitted  extensive  data 
to  be  taken  only  on  OFHC  copper,  a  65  w/o  copper- 35  w/ o  gold  alloy, 
and  commercially  pure  platinum.  Data  on  these  metallic  materials  are 
presented  in  Tables  VI,  VII.  and  VIII,  respectively. 

In  Figure  38  data  are  plotted  in  terms  of  weight  change  in 
mg/ cm*'  versus  temperature  for  OFHC  copper  after  being  operated  in 
1  Torr  and  in  10  Torr  of  cesium  vapor  for  24  hours,  while  the  same  type 
of  information  is  presented  in  Figures  39  and  40  for  65  w/o  copper-35 
w/o  gold  alloy,  and  pure  platinum  after  operation  for  24  hours  in  1  Torr 
of  cesium  vapor.  The  results  obtained  for  copper  and  platinum  were 
quite  unexpected  and  are  discussed  further  under  DISCUSSION. 
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Table  V  -  Visual  Appearance  and  Results  of  Metallographic  Examination 
of  Metallic  Materials  After  Exposure  to  Cesium  Vapor  at  900  C 
for  281  hours  (Phase  I) 


Material 


Results  Obtained 


Molybdenum 

Tantalum 


1  •  2 
Bright  surface;  no  visible  reaction 

3 

Mixed  bright  and  matte  surface;  internal 
pores  and  precipitate  near  surface 


Platinum  Matte  surface;  brittle;  internal  pores 

(Shown  in  Figure  37) 

Columbium  Alloy  (FS-82)  Mixed  bright  and  matte  surface;  reaction 

zone  at  surface 


Type  430  Stainless  Steel  Bright  surface;  no  visible  reaction 

Nickel  Mixed  bright  and  matte  surface;  reaction 

zone  at  surface 


Copper 


Copper-Gold  (50%-50%) 


Gold 


Fe-Cr-Al- Y  Alloy 


Matte  surface;  "cored"  structure  throughout 
(Shown  in  Figure  34) 

Matte  surface;  cored  as  in  copper,  large 
pores  throughout 
(Shown  in  Figure  35) 

Matte  surface;  surface  attack 
(Shown  in  Figure  36) 

Matte  surface;  mild  surface  attack 


Carboloy  (WC  +  6%  CoO)  Mixed  bright  and  matte  surface;  no  visible 

reaction 


1.  Visual  appearance 

2.  Metallographic  examination 

3.  Non-uniform  surface  reaction 
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Table  VI  -  Results 


Order 

Veaael  of 

No.  Teat 

M-87  13 

M-83  11 

M-89  15 

M-77  8 

M- 82  10 

M-80  9 

M-8t>  12 

M-  54  2 

M-88  14 

M-  53  1 

M-61  5 

M-66  7 

M-  57  4 

M-65  6 

M-  56  3 


Teat 

Temperature 

rc) 

652 

735 

740 

805 

825 

862 

903 

910 

950 

975 

1022 

1030 

1080 

1150 

912 


for  OFHC  Copper  after  24  Hours* 


Change 


Initial  Weiglt 
(Grama) 

Final  Weight 
(Grama) 

In  Weight 
(I"g)  _ 

Change 

(mg/cmZ) 

0.25546 

0.25544 

-0.02 

-0.0026 

0.25169 

0.25156 

-0.  13 

-0.017 

0.25316 

0.25311 

-0.05 

-0.0064 

0.26335 

0.  26330 

-0.05 

-0.0064 

0.  24528 

0.24529 

+0.  01 

+0.0013 

0. 25670 

0.25679 

+0.09 

+0.0115 

0.25688 

0.25695 

+0.07 

+0.0090 

0.24888 

0.24883 

-0.05 

-0.0064 

0.24976 

0.24979 

+0.03 

+0.00385 

0.25442 

0.25441 

-0.01 

-0. 0013 

0.27260 

0.27255 

-0.05 

-0.0064 

0.27365 

0.27375 

+0.  10 

+0.013 

0.25700 

0.25726 

+0.26 

+0.0334 

0.26345 

0.  26363 

+0.  18 

+0.0231 

0.  24846 

0.24848 

+  0.02 

+0.0026 

x  0. 002-inch  thick 
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Table  VII  -  Results  Obtained  for  65  w/o  Copper-35  w/o 
Gold  Alloy  after  24  Hours* 


Vessel 

No. 

Order 

of 

Test 

Test 

Temperature 

(°C) 

pc. 

(Torr) 

M-  50 

6 

50  5 

1 

M-49 

5 

618 

1 

M-  48 

4 

690 

1 

M-28 

1 

785 

1 

M-  35 

2 

910 

1 

M-46 

3 

895  No 

cesium 

Change 


Initial  Weight 
(Grams) 

Final  Weight 
(Grams) 

In  Weight 
(mg) 

0.  22936 

0.22918 

-0.  18 

0.  23010 

0.22963 

-0.47 

0.23335 

0.23242 

-0.93 

0.23370 

0.23052 

-3.  18 

0.  24330 

0.23305 

-10.25 

0.24757 

0.24719 

-0.  38 

* 

Copper-gold  alloy  =  7/8-inch  diameter  x  0.002-inch  thick 
Total  surface  area  =  7.  8  cnrt 
Bakeout  =  900°C  for  one  hour 


Change 
(mg/cm  ) 

-0.023 
-0.0605 
-0.  12 
-0.41 
-1.  32 
-0.049 
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Table  VIII  -  Results  Obtained  for  Platinum  after  24  Hours 


Veaael 

No. 

Order 

of 

Teat 

Teat 

Temperature  *Ca 

<°C)  (Torr) 

Initial  Weight 
(Grama)  , 

Final  Weight 
(Grama) 

Change 

In  Weight 
(mg) 

Change 

(mg/cm2) 

M-67 

13 

457 

1 

1.66708 

1.66700 

-0.08 

-0.0099 

M-  52 

7 

495 

1 

1.67880 

1.6786b 

-0.  12 

-0.015 

M-  51 

6 

590 

1 

1. 69915 

1.69900 

-0.  15 

-0.0185 

M-64 

12 

655 

1 

1. 67735 

1.67730 

-0.05 

-0.0062 

M-27 

2 

690 

1 

1.68844 

1.68850 

+0.  06 

+0.0074 

M-60 

9 

740 

1 

1. 68410 

1.68422 

+0.  12 

+0.015 

M-63 

11 

762 

1 

1.69123 

1.69102 

-0.21 

-0.026 

M-25 

1 

790 

1 

1. 69341 

1.69333 

-0.08 

-0.0099 

M-62 

10 

830 

1 

1. 68501 

1.68464 

-0.  17 

-0.021 

M-  59 

8 

865 

1 

1.68955 

1.68939 

-0.  16 

-0.02 

M-36 

3 

885 

1 

1.69165 

1.69139 

-0.  26 

-0.032 

M-79 

21 

440 

10 

1.67212 

1.67200 

-0.  12 

-0.015 

M-72 

18 

490 

10 

1.  68753 

1.  68733 

-0.20 

-0.025 

M-71 

17 

605 

10 

1.  69245 

1.69191 

1 

O 

V/l 

* 

-0. 0b7 

M-78 

20 

648 

10 

1.  69432 

1. 69410 

.0.22 

-0.027 

M-  70 

16 

715 

10 

1.  69510 

1.60511 

+0.01 

+0.001 

M-  74 

19 

755 

10 

1.68835 

1.68621 

-0.  14 

-0.017 

M-69 

16 

800 

10 

1. 69  3ir> 

1.69350 

-0.05 

-0.006 

M-8! 

22 

852 

10 

1. 69137 

1.69113 

-0.24 

-0.03 

M-68 

14 

905 

10 

1. 68820 

1.68680 

-1.40 

-0. 173 

M-43 

4 

910 

100 

1. 68775 

1. 68605 

-1.  7 

-0.21 

M-44 

5 

885 

No  ceaium 

1.  69336 

1.69291 

-0.45 

-0.056 

After  900°C  Bakeout  only 

M-84 

23 

- 

- 

1. 70006 

1. 69995 

-0.  11 

-0.0136 

M-85 

24 

- 

- 

1.  iwi>9 

1.  70351 

-0.  28 

-0.0346 

M-90 

25 

- 

- 

1. 70406 

1. 70389 

-0.  17 

-0.021 

M-95 

26 

. 

- 

1.  69201 

1.69168 

-0.  33 

-0.0407 

OFHC  copper  material  =  7/8-ir.ch  diameter  x  0.020-inch  thick 
Total  eurfate  area  =  8.  1  cm2 
Bakeout  *  900  C  at  one  hour 
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Data  obtained  for  the  rate  of  reaction  in  terms  of  weight 
change  (  loss,  in  this  instance)  per  unit  area  versus  cesium  vapor  pres¬ 
sure  for  copper  at  a  temperature  of  900°C  for  24  hours  are  plotted  in 
Figure  41 . 

DISCUSSION 

I.  Ceramic  Materials 


A.  General 


It  was  shown  conclusively  during  the  course  of  this 
investigation  that  certain  high-purity  alumina  ceramics,  such  as  sapphire, 
Lucalox  alumina,  and  sintered  ceramic  bodies  comparable  to  Lucalox 
alumina  are  resistant  to  attack  by  cesium  vapor  at  temperatures  up  to 
900°C.  In  other  work,  not  a  part  of  this  program,^  Lucalox  alumina 
and  modified  Lucalox  alumina  (A-976  and  A-974  bodies)  were  shown  to 
be  resistant  to  attack  up  to  1500°C. 

On  the  other  hand,  it  was  shown  that  standard  com¬ 
mercially  available  high- alumina  ceramics,  even  those  containing  in 
excess  of  99  percent  AJt^Oj  may  be  subject  to  appreciable  attack.  It  is 
logical  to  assume  that  in  these  cases  cesium  vapor  reacts  with  a  com¬ 
pound  or  compounds  other  than  Al^O^  contained  in  the  bodies  in  the 
amount  of  100  percent  minus  the  percent  of  Ai^Oy  Further,  it  was 
shown  that  the  extent  of  attack  was  not  necessarily  a  function  of  how 
high  the  alumina  content  is  in  a  given  ceramic  body,  rather,  the  results 
indicate  that  it  is  also  a  function  of  the  type  of  extraneous  material  other 


that  SiC'2  is  a  main  offender  when  it  s  one  of  the  ingredients  in  a  ceramic 
body.  ^  The  specific  proportions  of  the  additive  oxides  (fluxing  agents) 
in  an  alunina  ceramic  body  may  be  a  significant  factor  determining  suscept 
lbility  of  the  ceramic  body  to  reaction  with  cesium  vapor.  This  will  be 
discussed  further  under  C.  Composition  of  Fluxing  Material. 

B.  Effect  of  1  r.or  Tnerma!  History 

It  was  shown  that  a  high- alumina  ceramic  body  could 
exhibit  markedly  different  susceptibility  to  reaction  with  cesium  vapor  at 
elevated  temperatures,  depending  upon  the  rate  at  which  the  ceramic 
wa*  cooled  from  its  m.turmg  temperature.  Thus,  tor  the  A-923  cer¬ 
amic  body,  the  degree  of  reaction  with  cesium  vapor  at  elevated  temper- 

o 

atures  was  considerably  lower  when  the  ceramic  was  cooled  from  1300  C 
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to  1000°C  at  a  "normal"  50°C  per  hour  after  the  maturing  firing  than  it 
was  when  the  ceramic  was  cooled  over  the  same  range  of  temperatures 
in  one  hour.  It  is  generally  ccepted  that  a  slower  cooling  rate  favors 
the  formation  of  crystalline  phases  in  the  fluxing  materials  of  a  ceramic, 
versus  formation  of  glassy  phases  in  the  <  ourse  of  rapid  cooling.  It  is 
also  generally  accepted  that  a  material  of  a  specific  composition  will  be 
more  reactive  thermally  when  it  is  in  the  glassy  phase  than  when  it  is 
crystalline. 


The  reason  for  the  peak  in  attach  by  cesium  vapor 
versus  temperature  obtained  for  the  rapidly  cooled  A-'  23  samples  (Curve 
B  of  Figure  13)  was  not  investigated.  Howe  'er,  assuming  the  above 
reasoning  is  correct,  it  is  quite  probable  that  ,l,e  peak  and  subsequent 
decline  in  reaction  with  temperature  signifies  the  onset  and  progressive 
increase  of  devitrification  of  glassy  phases  which  were  formed  during 
the  rapid  cooling. 

C.  Composition  of  Fluxing  Material 


Comparison  of  the  results  obtained  on  two  of  the  97 
percent  alumina  ceramic  bodies,  A-922  and  A-923  (Figure  9.  Curves  8 
and  7.  respectively)  lends  support  to  the  belief  that  specific  proportions 
of  the  additive  oxides  in  the  fluxing  material  of  an  alumina  ceramic  in¬ 
fluence  susceptibility  to  reaction  with  cesium  apor  at  elevated  temper¬ 
atures.  Both  ceramics  contain  the  same  ux.des  m  the  three  percent  of 
the  fluxing  material  present  ui  each,  namely  SiO?  MgO  and  CaO  and 
both  sets  of  ceramic  samples  experienced  the  same  firing  schedule,  i.e., 
with  a  fast  cool  smee  both  sets  ot  samples  cert  in  the  ?  ime  firing  lot. 

In  the  A- 9^2  body  however  the  mol  t  r<u  tic m  ’he  three  percent  total 
of  additive  oxides  are  0.  28  0.  42.  and  0.  50  for  SiO^  MgO.  and  CaO. 

respectively,  whereas  in  the  A-^23  body  *ho\  arc-  0.68  0  185  and 

D.  135,  respec  tr.  ely. 


The  im  reused  mim  epMbilttv  to  reai  t lot.  with  esiuns 
apor  ot  the  A-92  3  1  cranm  c  an  probably  be  attributed  in  par'  to  the 
higher  mol  fraction  of  StO,  >  or  tun  ed  i  -  th  i  -  body,  H-we  er  the  quantity 
ot  SiO^  contained  m  the  A-^22  *  ermine  body  :  *■>  -t;1’  uppre>.  i  ole  being 
on  the  order  of  one  percent  by  weight  On  th:-  basts  alone  A-922  would 
be  expected  to  have  been  mut  ?;  more  h-  erels  attacked  u-y  she  cesium 
vapor  at  the  elevated  temperatures  than  it  w  as  relate  e  to  the  other  alumina 
bodies  studied.  Its  relatively  high  resistance  to  •  ••slum  attack  is  believed 
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to  stem  from  the  formation  of  a  cesium  resistant  phase  or  phases  (prob¬ 
ably  a  crystalline  phase  or  phases  as  opposed  to  a  glassy  phase)  in  the 
fluxing  material  of  the  ceramic  developed  on  the  original  cooling  of  the 
ceramic  during  its  manufacture.  Th.s  is  a  function  of  composition  of 
the  fluxing  material  and  the  coolit.g  rate. 

Additional  insight  was  gained  in  regard  to  composition 
of  ceramic  materials  and  how  this  appears  to  affect  reaction  to  ces’  m 
vapor,  in  the  results  obtained  on  the  Forsterite  ceramic.  The  sa  .pies 
of  the  Forsterue  ceramic  which  were  tested  (Figure  9,  Curve  5)  did 
not  receive  a  fast  cool  during  processing  as  did  the  A-917,  and  A-9^3 
alumina  samples.  Yet  the  Forsterite  ceramic  samples  exhibited  the 
same  type  of  anomalous  behavior  as  the  fast  cooled  alumina  samples 
between  temperatures  of  about  740  C  and  900°C.  A  Forsterite  ceramic 
normally  contains  a  higher  proportion  of  glassy  material  than  does  a 
high-alumina  ceramic  even  after  normal  processing  m  the  case  of  the 
former.  Therefore,  the  anomalous  behavior  observed  with  the  Forster¬ 
ite  samples  is  believed  to  be  part  of  the  same  devitrification  phenomenon 
discussed  previously  regarding  the  rapidly  cooled  alumina  ceramics. 

II.  Metal  -  Ceramic  Seals 


It  was  shown  during  th' i  investigation  that  metal-ceramic 
seals  consisting  of  tantalum  brazed  with  titanium- nickel  or  zirconium- 
nickel  alloy  to  Type  A-97e>  (modified  Lucaiox  alumina)  ceramic  are  re¬ 
sistant  to  cesium  attack  at  900°C  m  1  Torr  of  cesium  vapor.  SeaK  of 
this  composition  have  been  tested  in  excess  of  1000  hours  under  these 
conditions.  The  test  temperature  used  here  is  well  above  the  predicted 
maximum  useful  operating  temperature  for  such  seals.  (See  SECTION 
II  )  In  a  parallel  work  effort.  3  the  predicted  resistance  to  cesium 
\apor  at  approximately  1  Torr  pressure  is  being  verified  since  several 
cesium  vapor  thermionic  converters,  containing  titanium- nickel  brazed 
seals  of  the  type  discussed  above,  are  operating  on  life  test  in  excess  o  1 
1  >00  hours  at  a  s*‘,d  temperature  of  above  fcOO°C. 

It  has  also  been  shown  that  at  a  much  higher  cesium  pressure 
ot  100  Tor "  and  at  a  temperature  ot  a00^  C,  gross  reaction  occurred  be¬ 
tween  both  types  ot  brazing  alloy  and  the  cesium,  forming  a  product 
which  melted  ana  flowed  over  the  seai  inter.  'ie  region.  Where  this 
gross  reaction  begins  to  occur  as  a  function  of  cesium  pressure  at  a 
temperature  of  9^0  C  or  as  a  function  of  temperature  at  100  Torr  of 
cesium  was  not  investigated.  Such  active-alloy  seals  should  therefore 


be  used  with  caution  at  elevated  temperatures  in  >  esium  pressures 
appreciably  above  1  Torr.  Investigation  of  this  phenomenon  more  fully 
>~emairis  to  be  done  in  future  work. 

Also  remaining  to  be  investigated  m  fu’ure  work  is  the  com¬ 
patibility  of  other  types  of  metal  -  ceramic  seals  with,  cesium  vapor,  in 
particular  those  seals  containing  a  metallizing  layer  such  as  that  pro¬ 
duced  by  the  conventional  moly  bdenurn -  mang une  se  proc  ess.  Study  of 
such  alternative  types  of  metal  -  ceramic  seal?  was  not  undertaken  in 
this  program  because  of  the  lack  of  reliable  information  on  the  compat¬ 
ibility  of  the  brazing  alloys  with  cesium  -  apor.  The  work  on  copper  and 
copper-gold  alloy  was  initiated  to  obtain  s"ch  data. 

III.  Metallic  Materials 

Results  obtained  on  the  63  w/ o  copper -45  w/ o  gold  alloy 
(Figure  39)  were  perhaps  the  most  "straightforward"  obtained  during 
the  study  of  metallic  materials.  Several  significant  conclusions  can  be 
drawn  from  these  data.  Comparing  these  results  with  those  obtained  on 
copper  alone  (Figure  38),  it  would  seem  that  the  gold  component  in  the 
copper-gold  alloy  is  attacked  prcdominently.  Further,  the  attack  was 
manifested  by  a  significant  loss  in  weight  of  the  copper -gold  alloy  samples 
over  the  entire  range  of  temperatures  at  which  they  were  tested.  This 
agrees  with  results  obtained  in  the  longer  time  test  of  a  copper-gold 
sample  in  ces  ;  vapor  at  900°C,  which  resulted  in  the  formation  of  a 
considerable  quantity  of  v^ids  in  the  material  ^Figure  30) 

Significance  of  the  results  obtained  on  the  three  metallic 
materials  (copper  copper-gold  and  platinum)  where  the  effect  pro¬ 
duced  by  cesium  attack  was  a  net  loss  in  weight  in  the  material  over 
specific  intervals  of  temperature,  warrants  discussion.  First  this 
effect  implies  that  volatile  reaction  products  are  formed  between  the 
cesium  vapor  and  the  material  being  attacked  under  such  conditions. 
However,  little  is  known  about  the  nature  of  such  a  reaction  or  the  re¬ 
action  products  formed  Second,  such  an  effect  signifies  transport  of 
the  material  being  so  attacked  to  surrounding  regions  of  a  device  in  which 
the  material  is  incorporated.  Since  such  material  transport  and  ultimate 
deposition  can  be  of  critical  importance  in  devices  utilizing  cesium  vapor 
(such  as  deposition  oi  foreign  matter  on  the  emitter,  collector,  or  in¬ 
sulator  of  a  thermionic  converter),  this  phenomenon  should  be  studied 
in  greater  derail.  It  is  of  considerable  importance  to  identify  the  re¬ 
action  products  formed  unde"  these  conditions  as  well  as  to  ascertain 
the  deposition  mechanism  of  the  process. 
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Opportunity  was  not  available  for  investigating  more  fully 
the  very  unusual  and  unexpected  results  obtained  in  the  variation  with 
temperature  of  the  level  and  type  of  attack  by  cesium  vapor  on  copper 
and  platinum  (Figures  38  and  40),  resulting  in  apparent  weight  gain  as 
well  as  weight  loss  of  material  as  a  function  of  temperature.  Resolution 
of  the  unusual  phenomenon  involved  must  await  further  investigation. 


Several  undesirable  features  were  recognized  in  the  course 
of  the  experiments  performed  on  copper  and  platinum.  These  features 
will  require  modification  in  future  work  in  order  to  improve  upon  the 
reliability  of  the  results  obtained.  First,  in  many  of  the  cesium  re¬ 
action  experiments  the  net  change  in  weight  produced  in  the  test  samples 
was  undesirably  near  to  the  estimated  random  error  in  the  weighing 
process  (^0.03  mg),  lr.  future  work,  the  incremental  changes  should  be 
increased  by  increasing  certain  test  parameters  such  as  time  or  cesium 
pressure.  In  spite  of  this  factor,  however,  continuous  curves  could  be 
drawn  through  the  data  points  (which  were  obtained  in  a  random  order) 
which  lends  support  to  the  belief  that  the  fluctuations  in  reaction  rate 
with  temperature  for  copper  and  platinum  represent  a  real  effect. 


Second,  it  was  realized  late  in  the  sequence  of  tests  on  copper 
that  an  excessively  high  bake-out  temperature  of  900°C  had  been  selected 
for  this  material.  At  this  temperature,  copper  has  an  appreciable  sub¬ 
limation  rate,  on  the  order  of  4.  5  x  10~®  g/cm^/  sec,  ^  and  during  the 
hour  at  temperature  during  bake-out,  the  samples  could  theoretically  lose 
up  to  1.  31  x  10~  grams  by  sublimation. 


The  actual  loss  thus  sustained  during  bake-out  was  measured 
on  four  samples  of  copper  which  were  taken  through  the  bake-out  oper¬ 
ation  and  weighed.  These  data  are  tabulated  at  the  end  of  Table  VI, 
while  the  average  of  t.ic  four  values  obtained  in  terms  of  mg/cm^  is 
shown  in  the  form  oi  the  dotted  line  in  Figure  38  (-0.0275  mg/cm*").  An 
unexpectedly  large  spread  was  measured  in  the  change  in  weight  engen¬ 
dered  during  bake-out  in  the  four  samples  thus  tested  which  requires 
further  investigation. 


In  the  exoeriments  on  the  copper-gold  alloy  (Figure  39),  a 
comparable  correction  for  loss  in  weight  due  *o  sublimation  during  bake- 
out  would  also  be  required  for  the  results  to  be  fully  accurate.  Here, 
however,  the  ultimate  error  in\olved  is  negligible  because  of  the  large 
changes  in  weight  which  resulted  during  the  reaction  experiments. 
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For  platinum,  the  error  due  to  unaccounted  sublimation 
during  bake-out,  at  1200°C,  is  also  much  less  than  in  the  experiments 
on  copper  because  of  the  respectively  lower  vapor  pressure  of  platinum. 
The  estimated  quantity  thus  involved,  for  platinum,  is  0.001  mg/cm^.  ^ 

It  is  suggested  that  at  least  over  part  of  the  range  of  testing 
temperatures,  the  factors  of  grain  size  and  quantity  of  grain-boundary- 
material  present  under  given  temperature -time  conditions,  may  play  a 
part  in  the  results  obtained  on  copper.  The  temperature  corresponding 
to  the  inflection  obtained  in  the  weight  change  data  (Figure  38)  at  about 
600  C  also  corresponds  to  the  temperature  of  rapid  grain  growth  for 
copper.  ^  This  possibility  was  suggested  during  microscopic  examin¬ 
ation  of  the  surface  of  exposed  copper  samples,  in  which  the  grain 
boundaries  were  the  areas  predominantly  showing  evidence  of  attack. 
This  hypothesis  could  not,  however,  be  definitely  proved  on  the  basis 
of  examining  grain  size  of  samples  which  were  operated  for  the  24-hour 
test  periods  at  the  test  temperatures  of  450°C  to  900°C.  While  a  slight, 
progressive  increase  in  grain  size  was  discernible  in  the  samples  with 
increasing  test  temperature,  no  decided  increase  in  grain  size  was 
observed  in  the  samples  which  were  tested  starting  at  about  600  C  and 
higher. 


Part  of  the  marked  loss  in  weight  of  copper  samples  tested 
at  about  750°C  and  higher  is  felt  to  be  due  to  sublimation  of  the  material 
during  the  test  period.  Because  data  were  not  available  on  the  rate  of 
sublimation  of  copper  in  the  various  pressures  of  cesium  vapor  at  these 
temperatures,  this  factor  cannot  be  taken  into  account  quantitatively. 

Several  factors  regarding  the  testing  of  materials  became 
clear,  particularly  during  the  metallic  materials  compatibility  study. 
First,  it  is  believed  that  a  given  material  should  not  be  tested  solely  at 
some  single,  selected  temperature  in  cesium  vapor  in  order  to  properly 
categorize  its  compatibility  with  cesium  vapor.  Rather  it  is  necessary 
to  study  materials  over  a  range  of  elevated  temperatures  and  probably 
over  a  range  of  cesium  pressures  in  order  to  encompass  possible  vari¬ 
ation  in  degree  and  type  of  reaction  with  temperature,  such  as  was 
observed  for  copper  (Figure  38)  and  even  more  for  platinum  (Figure  40). 

Second,  visual  or  metallographic  examination  alone  cannot 
be  relied  upon  as  a  means  of  determining  extent  of  reaction  between 
cesium  vapor  and  a  material  under  test.  Supposing  the  effect  of  the  re¬ 
action  is  removal  or  loss  of  the  material  being  tested,  the  results  may 
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not  be  observable  in  metallographic  examination  of  the  material  after 
test.  This  was  found  to  be  true  for  the  three  metallic  materials  which 
were  tested  in  detail  in  the  present  program  under  the  24-hour  test 
period  conditions.  Here,  evidence  of  reaction  with  cesium  vapor  was 
not  definitely  discernible  in  metallographic  examination  of  any  of  the 
samples  after  exposure  to  the  cesium  vapor,  although  positive  changes 
in  weight  in  the  samples  were  measurable.  The  latter  is  believed  to  be 
a  corollary  of  the  statement  made  above,  namely,  that  measurement  of 
a  change  in  weight  of  a  sample  of  material  being  evaluated  for  compat¬ 
ibility  with  cesium  vapor  is  a  more  accurate  and  sensitive  measure  of 
initiation  and  extent  of  reaction  between  cesium  vapor  and  the  material 
being  evaluated. 

IV.  Purity  of  Cesium  Employed 


Two  grades  of  metallic  cesium  of  differing  purity  were  used 
in  the  present  investigation.  The  analysis  is  shown  in  Table  IX.  In  the 
data  presented  in  Figures  13  and  38  through  41,  data  points  shown  as 
circles  were  obtained  with  Type  A,  or  the  less  pure  cesium;  data  points 
shown  as  squares  were  obtained  using  Type  B  or  the  higher  purity  cesium. 
In  all  other  work  Type  A  cesium  was  used.  There  was  no  definite  trend 
in  the  results  obtained  which  would  indicate  that  differing  levels  of  im¬ 
purities  in  the  cesium  in  the  elements  listed  in  the  analysis,  had  an 
effect  on  rate  of  attack  on  materials. 

However,  information  in  the  liter ature ^ ^  regarding  the 
corrosion  behavior  of  cesium  and  of  alkali  metals  other  than  cesium, 
indicates  that  extent  of  attack  by  alkali  metals  on  various  materials  can 
be  greatly  influenced  by  the  presence  of  certain  impurity  elements  in  the 
cesium,  an  important  element  being  oxygen.  In  future  work,  therefore, 
it  will  be  important  to  investigate  and  to  take  into  account  this  effect  of 
impurity  elements  or  contaminants  in  the  cesium  and  to  learn  how  they 
influence  the  reactivity  of  cesium  vapor  on  materials  of  interest. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Experimental  evidence  has  shown  that  high-purity  alumina  ceramics 
where  no  glassy  fluxing  material  is  present  are  resistant  to  attack  by 
cesium  vapor  up  to  900  C.  Limited  experiments  indicated  resistance  to 
attack  as  high  as  1500  C.  Ceramic  bodies  such  as  Lucalox  alumina  and 
modified  Lucalox  alumina's  A-974  and  A-976  are  recommended  as  ma¬ 
terials  which  meet  this  requirement. 
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Table  IX  -  Analysis  of  Metallic  Cesium 


Element 


Type  A 

(parts  per  million) 


Type  B 

(parts  per  million) 


Na 

1048 

29 

K 

131 

13 

Rb 

372 

115 

Li 

<16 

<16 

Ba 

101 

<  8 

Sr 

<2 

<2 

Ca 

194 

24 

Fe 

1339 

26 

Cr 

194 

<  2 

Ni 

31 

<  2 

Co 

118 

Cu 

13 

5 

A! 

11 

3 

Mg 

13 

8 

Mn 

37 

3 

Ti 

5 

<2 

T£ 

<2 

<2 

Pb 

<2 

<2 

Sn 

<8 

<8 

B 

<16 

<16 

Si 

100 

24 
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Metal  ceramic  seals  consisting  of  tantalum  to  Lucalox  alumina 
with  an  intermediate  braze  of  nickel-titanium  or  nickel  zirconium  alloy 
have  been  found  to  be  cesium  resistant  at  temperature  up  to  900  C  at 
cesium  vapor  pressures  normally  encountered  in  practical  thermionic 
converters. 

The  tests  on  copper,  copper-gold  alloy  and  platinum  indicate  inter¬ 
actions  with  the  cesium  vapor.  The  nature  of  these  results  is  unexpected 
and  should  be  confirmed  by  an  independent  experimental  approach.  These 
interactions  occur  above  400  C  so  that  these  materials  are  satisfactory 
for  use  in  the  reservoir  region  of  a  converter  where  this  temperature 
is  not  exceeded. 
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APPENDIX 

ILLUSTRATIONS 
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Figure  1  -  Photomicrograph  of  cross-section  of  a  therm¬ 
ionic  converter  seal  (tantalum  -  zirconium- 
nickel  G-E  97  percent  alumina  ceramic)  after 
approximately  300  hours  of  operation 
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Figure  2  -  Schematic  cross-section  of  stainless  steel  test 


vessel 
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Figure  3  -  Schematic  cross- section  ot  ceramic  test  vessel 
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Fiji  4  -  Exploded  view  showing  component  parts  of 
ceramic  test  vessel 


Figure  -  Processed  ceramic  vest  vessel 
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Figure  6  -  Ceramic  test  vessel  in  exhaust  furnace  after 
pinch  off 
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FURNACE  CONTROLLER  BRICK  INSULATION 


Figure  7  -  Schematic  of  stainless  steel  test  vessel 
under  test  in  furnace 


Figure  8  -  Ceramic  test  vest  el  undergoing  test 
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TEMPERATURE  *C 

Figure  10  -  Depth  of  reaction  in  24  hours  versus  temper 
ature  for  two  97  percent  alumina  ceramics 


Figure  11  -  Photomicrograph  of  85  percent  alumina  ceramic 

after  24  hours  at  800  C  in  1  Torr  of  cesium  vapor, 
100  X 
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Figure  12  -  Photomicrograpn  of  modified  Lucalox  alumina 
(A-976)  after  24  hours  at  800°C  in  1  Torr  of 
cesium  vapor,  100  X 
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Figure  13  -  Variation  of  attack  versus  temperature  for  two  lots 


of  the  A-923  ceramic  body  having  different  thermal 
histories 
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Figure  14  -  Cross-sections  of  Ta-(ZrNi)-97  percent  alumina 
metal-ceramic  seals  after  24  hours,  15  hours, 
and  6  hours  (left  to  right)  at  800°C  in  1  Torr  of 
cesium  vapor,  16  X 


Figure  55  -  Cross- sections  of  Ta-(  T;5.h)*96  percent  alumina 
metal- ceramic  seals  after  24  hours.  15  hours, 
ami  6  hours  {left  to  r.ght)  at  800°C  m  l  Torr  of 
cesium  vapor,  16  X 
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Figure  16  -  Metal-to-cerarmc  seal  test  sample 
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Figure  17  -  Photomicrograph  of  seal  sample  T-1A,  trans 
verse  section,  initial  test,  100  X 


F  igure  18  -  Photomicrograph  ol  seal  sample  7.-ZA.  trans 
verse  section,  initial  test  100  X 
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Figure  19  -  Photomicrograph  of  seal  sample  T-4B,  trans¬ 
verse  section,  after  144  hours  at  900  C  in  1 
Torr  of  cesium  vapor,  100  X 


Figure  20  -  Photonv.t  rograph  of  seal  sample  Z-jR.  tr  ans  - 
verse  sect. on,  alte*-  144  hours  at  90G  I  m  1 
i  >rr  o'  »es:um  vapor,  i00  X 
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Figure  21  -  Photomicrograph  of  seal  sample  T-5A,  trans¬ 
verse  section,  after  1000  hours  at  900  C  in  1 
Torr  of  cesium  vapor,  250  X 


Figure  22  -  Photomicrograph  of  seal  sample  Z-9A,  trans¬ 
verse  section,  after  1000  hours  at  900  C  in  1 
Torr  of  cesium  vapor,  2  50  X 
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Fipurc  ^3  -  Phot' micrograph  of  seal  sample  T-4B,  longi 
tudina]  section,  after  144  hours  at  900°C  in 
1  Torr  of  cesium  vapor,  1000  X 


Figure-  <34  -  Photomicrograph  of  seal  sample  Z-3B,  longi 
tudinal  sec  non,  after  144  hours  at  900°C  in 
1  Torr  of  cesium  vapor,  ,350  X 
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Figure  26  -  Photomicrograph  of  oeal  sample  T-5A,  longi¬ 
tudinal  section,  after  1000  hours  at  900°C  in 
1  Torr  of  cesium  vapor,  250  X 


Figure  26  -  Photomicrograph  of  seal  .-ample  Z-9A  longi¬ 
tudinal  section,  after  1000  hours  at  900°C  in 
1  Torr  ol  cesium  vapor,  250  X 
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Figure  Z7  -  Photomicrograph  of  seal  sample  T-6A,  longi¬ 
tudinal  section,  after  144  hours  at  900  C  with 
no  cesium,  Z50  X 
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igure  30  -  Photomicrograph  of  seal  sample  T-5B  longi 
tudiral  section,  after  144  hours  at  900  C  in 
100  Torr  of  cesium  vapor,  250  X 


Figure  31  -  Photomicrograph  of  seal  sample  T-5B,  longi¬ 
tudinal  section,  after  144  hours  at  900°C  in  100 
Torr  of  cesium  vapor,  after  etching,  250  X 
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gure  32  -  Photomicrograph  of  se^l  sample  T-4-20B,  com¬ 
posite  view  of  entire  transverse  section,  after 
144  hours  at  900°C  in  iOO  Torr  of  cesium  vapor, 
50  X 


igure  3  3  -  Photomicrograph  of  seal  sample  T-3B,  com¬ 
posite  view  of  entire  transverse  section,  after 
144  hours  at  °00°C  in  100  Torr  of  cesium  vapor 
100  X 


Figure  34  -  Photomicrograph  of  OFHC  copper,  after  281 
hours  at  900°C  in  1  Torr  of  cesium  vapor, 
unetched,  250  X 


Figure  35  -  Photomicrograph  of  50  -  50  CuAu  alloy  wire, 
after  281  hours  at  900°C  in  1  Torr  of  cesium 
vapor,  unetched,  75  X 
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Figure  36  -  Photomicrograph  of  gold  foil,  after  281  hours 
at  900°C  in  1  Torr  of  cesium  vapor,  unetched, 
250  X 


Figure  37  -  Photomicrograph  of  platinum  ribbon  after  281 
hours  at  900°C  in  1  Torr  of  cesium  /apor, 
unetched,  250  X 
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WEIGHT  CHANGE 


TEMPERATURE  IN  *C 

Figure  39  -  Weight  change  in  mg/cm^  versus  temperature 
for  6  5  w/o  copper- 35  w  o  gold  alloy 
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versus  temperature 
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Figure  41  -  Weight  change  in  mg/cm  versus  cesium 
pressure  for  OFHC  copper 
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METAL-CERAMIC  SEALS 
by 

R.  H.  Bristow 


INTRODUCTION 

The  need  exists  for  high-temperature  tolerant,  ceramic-to-metal 
seals  for  application  in  cesium  vapor  thermionic  converters.  Their 
availability  would  permit  improvements  in  operating  efficiency  as  well 
as  design  simplification  of  both  the  converters  and  the  associated  power 
systems.  The  present  interest  is  in  sealing  systems  capable  of  sus¬ 
tained  operatic  i  at  temperatures  up  to  approximately  900°C. 

The  atmospnere  surrounding  an  operating  converter  may  be  air  in 
some  applications  and  a  vacuum  or  inert  gas  in  other  applications.  In 
either  case,  the  materials  of  construction  must,  in  addition  to  possess¬ 
ing  mechanical  strength,  refractoriness,  stability,  and  low  vapor  pres¬ 
sure,  be  resistant  to  cesium  attack  at  the  required  operating  temperature. 

The  following  paragraphs  will  discuss  briefly  fundamental  consider¬ 
ations  which  led  to  the  selection  of  the  specific  program  of  seal  evalu¬ 
ation  and  development  which  was  pursued  in  performance  of  this  contract. 
Although  the  subject  to  be  treated  is  the  method  by  which  a  c^ductor 
can  be  sealed  hermetically  to  an  insulator,  attainment  of  a  suitable  seal¬ 
ing  system  will  depend  on  other  information,  some  of  which  is  not  yet 
available,  including  (1)  the  resistance  of  metals,  alloys,  oxides,  and 
cermets  to  cesium  attack  at  temperatures  up  to  proposed  cathode  oper¬ 
ating  temperatures,  {i)  the  stability  and  oxidation  resistance  of  metals 
and  alloys  proposed  for  use  as  cathode  structural  members,  as  well  as 
(3)  the  sublimation  rate  and  consequent  effect  on  tube  life  of  promising 
oxidation  res.stant  alloys  and  cermets. 

Two  distinctly  different  sealing  techniques  are  commonly  used  to 
effeci  ceramic -to- metal  seals  lor  application  in  electronic  dev.ces:  (1) 
active-alloy  sealing  ard  refractory  metal  metallizing.  In  the  former 
method,  a  molten  brazing  alloy  is  suitably  doped  or  "activated"  to  impart 
ceramic  wetting  and  bonding  characteristics,  thereby  permitting  direct 


union  of  the  ceramic  and  metal  members  to  be  joined.  In  the  second 
method,  a  thin  layer  of  powdered  refractory  metal  (usually  with  admixed 
metals  or  oxides)  is  sintered  to  the  surface  of  the  ceramic  in  order  to 
provide  a  metallic  layer  to  which  a  conventional  braze  can  be  made. 

It  is  apparent  that  the  suitability  of  a  ceramic-to-metal  seal  for 
appl:  cation  in  high-temperature,  vapor  thermionic  converters  will  be 
largely  dependent  upon  the  refractoriness  and  stability  of  the  component 
parts  and  their  resistance  to  cesium  attack  at  the  desired  operating 
Temperature. 

Available  data  indicate  that  seals  made  with  so-called  high-alumina 
ceramics  (94  to  99  percent  alumina),  which  have  been  metallized  by  the 
now  widely  used  molybdenum- mangane se  method  of  metallizing,  are  not 
suitable  for  application  at  the  desired  temperature  in  a  cesium  vapor 
atmosphere.  Their  inadequacy  stems  from  the  fact  that  the  ceramics  as 
well  as  the  interfacial  region,  which  is  developed  during  sintering  of  the 
metallizing  to  the  ceramic,  contain  silica.  Amorphous  or  crystalline 
silica,  as  well  as  many  silica-containing  compounds,  are  attacked 
readily  by  cesium  at  elevated  temperatures.  Pure  sintered  alumina, 
containing  no  silica,  has  been  found  to  be  the  most  cesium- resistant 
ceramic  yet  tested.  Since  the  metallizing  of  pure  alumina  with  a  refrac¬ 
tory  metal,  without  the  introduction  of  secondary  phases  which  may  be 
susceptable  to  cesium  attack,  is  not  readily  accomplished,  other  methods 
of  sealing  have  appeared  more  suitable. 

Even  if  the  metallizing  approach  to  sealing  were  to  be  pursued,  a 
brazing  alloy  which  was  resistant  to  cesium  attack  at  the  desired  operat¬ 
ing  temperature,  i,  e.  ,  up  to  about  900  C,  would  have  to  be  selected. 
Brazing  alloys  commonly  used  in  electron  tube  assembly,  such  as  copper, 
gold-copper,  gold-nickel,  palladium- nickel,  etc.,  are  lacking  in  the 
need  for  low  vapor  pressure  and  resistance  to  cesium  attack.  In  the 
latter  case,  it  has  been  fairly  well  established  that  noble  metals  (and 
probably  their  alloys)  do  not  possess  the  desired  resistance  to  cesium 
attack.  Thus,  not  only  are  the  number  of  brazing  alloys  which  meet 
these  requirements  extremely  limited,  but  the  few  which  might  be  con¬ 
sidered  possess  either  undesirably  high  melting  temperatures  or  they 
have  a  nigh  solubility  for  the  refractory  metal  metallizing  coating  which 
could  result  in  complete  loss  of  adherence. 

Although  a  number  of  techniques  other  than  brazing  are  potentially 
attractive  lor  hermetically  joining  an  insulator  to  a  conductor,  including 
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electron  beam  welding  and  diffusion  bonding,  such  techniques  were  not 
included  within  the  scope  of  this  investigation. 

At  the  outset  of  this  study,  the  most  satisfactory  seals  available 
for  use  in  vapor  thermionic  converters  at  high  temperatures  were  be¬ 
lieved  to  be  those  employing  sintered  alumina  ceramics  bonded  to  a 
near- matching  metal,  such  as  tantalum  or  colurnbium,  by  means  of  a 
titanium- nickel  or  zirconium- nickel  alloy  which  was  capable  of  wetting 
both  the  metal  and  the  ceramic.  Such  seals  could  not,  of  course,  be 
operated  in  an  air  atmosphere  and  were  limited  (arbitrarily)  in  oper¬ 
ating  temperate  a  to  about  650  C.  Just  how  closely  the  operating  tem¬ 
perature  could  approach  the  original  sealing  temperature  (slightly  above 
the  942  C  and  961  C  eutectics,  respectively)  had  to  be  established  and 
constituted  a  portion  of  the  planned  program. 

PROGRAM  OF  EVALUATION  AND  INVESTIGATION 

The  specific  program  which  was  proposed  and  which  was  pursued 
comprised  two  phases.  Although  these  two  phases  were  often  under 
study  concurrently  during  this  investigation,  primary  effort  was  devoted 
to  Phase  I. 

I.  Phase  I  -  Evaluation  of  State-of-the- Art  Seals 

A.  Evaluation  of  the  capability  of  state  -of-  the  -art  titanium- 
nickel  bonded  ceramic  -  to- metal  seals  with  respect  to 
maximum  temperature  for  sustained  operation  in  vacuum. 

1.  The  test  specimens  were  to  consist  of  two  thin- 
walled  cylindrical  ceramic  cylinders  bonded  to¬ 
gether  or  to  either  side  of  a  thin  metal  washer 
through  the  use  of  the  942  C  titanium- nickel  eutec¬ 
tic  alloy.  Two  types  of  ceramics  were  to  be  used, 
a  polycrystalline  sintered  alumina  of  near-theor¬ 
etical  density  and  a  97  percent  alumina  ceramic. 
Both  ceramic- te- ceramic  and  ceramic-to-metal 
specimens  were  to  be  employed,  since  the  presence 
of  a  metal  member  influences  significantly  the 
stress  in  such  seals  and  might  alter  the  composi¬ 
tion  of  the  brazing  material  during  brazing  or  during 
subsequent  heat  treatment. 
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2.  Sealed  specimens  were  to  be  heat  treated  in  vac¬ 
uum  at  tempei  atures  up  to  900  C  for  times  rang¬ 
ing  from  several  hours  to  hundreds  of  hours. 

3.  Treated  specimens  would  be  examined  for  vacuum 
tightness,  mechanical  strength,  and  changes  in 
microstructure  of  the  brazing  alloy  as  determined 
by  microscopic  examination  of  polished  sections. 
Microhardness,  x-ray  diffraction,  and  microprobe 
analyses  would  be  used,  where  desirable,  to  estab¬ 
lish  the  cause  and  effect  of  observed  microstructural 
changes  in  the  brazing  alloy  or  seal  metal. 

4.  Transverse  mechanical  strength  was  to  be  deter¬ 
mined  using  four-point  loading  of  butt  sealed  tub¬ 
ular  ceramic  specimens. 

B.  Evaluation  of  the  effect  of  sealing  alloy  composition  on 
the  physical  and  mechanical  properties  of  the  joint,  be¬ 
fore  and  after  long  time  heat  treatment. 

When  using  a  titanium- nickel  alloy  to  seal  a  ceramic 
to  another  ceramic  or  to  metal,  it  had  been  generally 
considered  desirable  to  utilize  thin  foil  washers  of  titan¬ 
ium  and  nickel  in  the  proper  proportions  to  yield  the 
942  C  eutectic.  When  sealing  to  a  titanium  member,  it 
was  recognized  that  the  melt  would  become  enriched  with 
titanium  as  the  sealing  temperature  was  increased.  When 
sealing  to  nickel  or  nickel- containing  alloys,  the  compo¬ 
sition  of  the  melt  would  be  expected  to  drift  away  from 
that  of  the  eutectic  toward  the  brittle  intermetallic  com¬ 
pound  Ti£Ni.  The  effect  on  the  composition  and  proper¬ 
ties  of  titanium- nickel  alloys  which  had  been  enriched 
with  other  elements  through  solution  of  the  tantalum, 
Kovar,  nickel,  or  stainless  steel  sealing  washer  was  not 
known  and  was  to  be  determined. 

II.  Phase  II  -  Investigation  and  Development  of  New  Cerarmc-to- 
Metal  Sealing  Systems  and  Techniques 
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SUMMARY  OF  RESULTS 


The  ceramic-to-metal  seal  study  portion  of  this  thermionic  con¬ 
verter  materials  research  program  comprised  two  phases. 

(1)  Evaluation  of  state-of-the-art  seals 

(a)  Evaluation  of  the  effect  of  sealing  alloy  composi¬ 
tion  on  the  physical  and  mechanical  properties  of 
the  joint,  before  and  after  long  time  heat  treatment. 

(b)  Evaluation  of  the  capability  of  state-of-the-art 
titanium-nickel  bonded  ceramic-to-metal  seals 
with  respect  to  maximum  temperature  for  sustained 
operation  in  vacuum. 

(2)  Investigation  and  development  of  new  ceramic-to-metal 
sealing  systems  and  techniques. 

A  total  of  631  ceramic-to-ceramic  and  ceramic-to-metal  seal 
specimens  was  prepared  during  this  investigation.  All  seals  were  pre¬ 
pared  using  nickel-titanium  alloys  (but  of  different  compositions)  to  effect 
the  bond  between  two  ceramic  cylinders,  or,  in  the  case  of  ceramic-to- 
metal  seals,  to  either  side  of  a  metal  washer.  The  metals  studied  in¬ 
cluded  titanium,  tantalum,  nickel,  Kovar,  Type  304  and  Type  430  stain¬ 
less  steel.  All  seals  were  made  in  a  vacuum  bell  jar  using  a  resistance 
heated  tantalum  oven  surrounding  the  seals  which  were  held  under  spring 
pressure  in  a  molybdenum  fixture.  The  sealing  time  and  the  temper¬ 
ature  controlled  the  deg.ee  of  alloying  which  took  place  with  the  metal 
washer. 

Seals  were  sectioned,  diamond  polished,  and  etched  preparatory 
to  metallographic  examination.  In  those  seals  which  contained  only  nickel 
and  titanium,  it  was  generally  possible  to  identify  the  phases  which  were 
formed  during  sealing  as  well  as  changes  in  the  quantity  and  distribution 
of  these  phases  as  a  function  of  sealing  time  and  temperature.  Identific¬ 
ation  of  the  phases  in  the  four  and  five  component  systems  which  resulted 
from  sealing  to  Kovar  and  stainless  steel  was  usually  not  attempted. 
Microhardness  measurements  were  of  considerable  value  in  studying 
the  sealing  alloys,  even  though  the  average  joint  thickness  was  only  about 
20  microns  wide  and  many  of  the  phase  layers  which  made  up  the  joint 
were  only  two  microns  wide. 
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The  need  for  the  first  task  of  Phase  I  resulted  from  an  observed 
change  in  the  composition  and  micro  structure  of  the  titanium-nickel  seal¬ 
ing  alloy  due  to  solution  of  and  interdiffusion  with  the  metal  member  to 
which  the  seal  was  being  made.  When  sealing  to  a  titanium  member,  the 
melt  becomes  enriched  with  titanium,  while  when  seals  are  made  to  nickel 
or  nickel-containing  alloys,  the  composition  of  the  melt  drifts  away  from 
that  of  the  lowest  melting  eutectic  toward  the  brittle  intermetallic  com¬ 
pound  T^Ni.  Thus,  a  more  complete  knowledge  of  the  metallurgy  of 
active-alloy  ceramic-to-metal  sealing  was  a  prerequisite  to  interpret¬ 
ation  of  the  data  to  be  accumulated  during  life  testing  of  state-of-the-art 
seals. 


Seals  were  prepared  for  high-temper ature  testing  using  sealing 
times,  temperatures,  and  alloy  compositions  selected  from  the  study 
conducted  during  the  first  task.  Seal  specimens  were  prepared  using 
both  a  pure  sintered  alumina  of  99.  5  percent  theoretical  density  and  a 
high  strength  97  w/o  alumina  ceramic  containing  CaO,  MgO  and  SiO^. 

The  test  specimens  were  placed  on  molybdenum  trays  and  inserted 
into  impermeable,  closed-end  ceramic  tubes  which  were  attached  to  a 
vacuum  system.  A  furnace  surrounding  each  tube  permitted  heating  the 
samples  to  the  desired  temperature  in  a  vacuum  which  measured  from 
1  to  5  x  10“5  Torr. 

Test  temperatures  of  700°C  and  900°C  were  used.  Results  obtained 
can  be  summarized  as  follows. 

(1)  When  a  titanium- nickel  alloy  having  the  composition  of 
the  942  C  eutectic  is  used  to  effect  a  ceramic-to-ceramic 
or  a  ceramic-to-metal  seal,  the  resulting  alloy  contains 

a  large  proportion  of  the  brittle  intermetallic  compound 
Ti^Ni.  Small  cracks  through  the  alloy  of  such  seals  are 
commonly  observed  and  result  from  the  difference  in 
thermal  expansion  between  the  Ti^Ni  and  the  other  phases, 
predominately  alpha  titanium,  contained  therein. 

(2)  Use  of  an  alloy  composition  which  is  considerably  richer 
in  titanium  than  the  942  C  eutectic  is  advantageous  in 
that  it  reduces  the  amount  of  T^Ni  which  is  formed  and 
thereby  minimizes  the  possiblity  of  cracking. 

(3)  "Overbrazing"  of  either  the  eutectic  or  the  titanium-rich 
type  of  seal  results  in  hardening  and  embrittlement  of  the 
titanium  phase  (due  to  excessive  reaction  with  the  ceramic), 
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leading  to  severe  cracking  of  the  alloy  and  a  degradation 
of  the  alloy-to-ceramic  bond. 

(4)  When  seals  are  made  to  thick  titanium  members,  using 
nickel  foil  to  form  a  eutectic  liquid  with  the  surface  of  the 
titanium,  the  melt  rapidly  loses  nickel  due  to  diffusion 
into  the  "infinite"  titanium  source.  This  is  the  most  satis¬ 
factory  method  for  minimizing  the  formation  of  T^Ni  and 
the  promotion  of  a  bond  possessing  maximum  ductility. 
Although  such  joints  are  also  subject  to  severe  hardening 
through  overbrazing,  the  alloy  does  not  contain  layers  of 
different  phases  to  cause  cracking,  as  is  the  case  with 
alloys  of  near-eutectic  composition. 

(5)  Seals  in  which  the  sealing  alloy  contains  a  titanium  phase 

(a  or  Q  solid  solution)  exhibit  a  very  short  life  at  a  temper- 
'  o 

ature  of  900  C.  Failure  occurs  through  loss  of  hermeti- 
city  or,  in  more  severe  cases,  physical  separation  of  the 
component  parts.  Continued  reaction  of  the  sealing  alloy 
with  the  ceramic, re  suiting  in  severe  hardening  and  em¬ 
brittlement  of  the  titanium  phase  and/or  the  formation  of 
new  phases  at  the  interface,  causes  seal  failure.  Degrad¬ 
ation  of  such  seals  occurs  so  rapidly  that  it  masks  any 
contribution  to  alloy  embrittlement  caused  by  gettering  of 
residual  gas  in  the  test  chamber. 

(6)  The  life  of  seals  containing  a  titanium  phase,  when  tested 
at  a  temperature  of  700°C,  is  related  to  the  rate  at  which 
hardening  of  the  sealing  alloy  occurs.  The  rate  of  harden¬ 
ing  is  related  to  the  volume  of  material  into  which  the 
hardening  elements  can  diffuse  as  well  as  to  the  number 

of  ceramic- sealing  alloy  interfaces  from  which  hardening 
elements  can  be  derived.  At  a  temperature  of  700  C,  the 
life  of  seals  is  sufficiently  long  that  gettering  of  residuals 
in  the  test  chamber  can  contribute  to  hardening  of  the  alloy. 

(7)  At  a  temperature  of  900°C,  the  rate  of  reaction  with  a 
ceramic,  of  a  titanium  phase-containing  seal,  is  so  rapid 
that  it  masks  any  effect  of  ceramic  composition.  At  a 
temperature  of  700  C,  however,  hardness  measurements 
suggest  that  the  rate  of  reaction  with  a  high-purity  sintered 
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alumina  (body  A-976  )  is  less  than  that  with  a  97  percent 
alumina  (body  A-923*)  possibly  reflecting  the  presence 
of  the  more  easily  reducible  oxide  silica. 

(8)  Seals  containing  a  titanium  phase  are  suitable  for  short 
time  exposure  to  a  temperature  of  700°C.  Seals  of 
alumina- to -titanium  and  alumina- to -tantalum  are  to  be 
preferred  and  lives  up  to  2000  hours  were  recorded. 
Alumina-to-columbium  seals  should  also  be  quite  satis¬ 
factory  but  were  not  tested. 

(9)  At  a  temperature  of  900°C,  the  only  seals  which  exhibited 
a  life  of  more  than  240  hours  were  compensated  butt  seals 
of  alumina-to- nickel.  Many  specimens  of  this  seal  type 
were  still  vacuum  tight  at  the  end  of  910  hours  exposure. 
Such  seals  do  not  appear  to  be  sensitive  to  the  composi¬ 
tion  of  the  alumina  ceramic  which  is  used  (A-976  or 
A-923)  or  to  the  presence  of  residuals  in  the  vacuum 
environment.  A  sample  examined  after  480  hours  ex¬ 
posure  showed  evidence  of  loss  of  the  TiNij  phase  at  the 
interface  through  solutioning  by  the  nickel  washer,  a 
finding  which  necessitates  further  study. 

(10)  Seals  made  to  nickel,  using  titanium  foil  to  form  a 
eutectic  liquid  with  the  surface  of  the  nickel,  contain 
T^Ni,  TiNi,  TiNij,  or  a  nickel  solid  solution  at  the 
ceramic-nickel  interface,  depending  upon  the  time-tem¬ 
perature  sealing  treatment  which  is  used. 

(a)  Sealing  at  low  temperatures,  less  than  about  1100°C, 
causes  the  formation  of  large  amounts  of  T^Ni  and 
results  in  severe  cracking  of  the  alloy. 

(b)  Sealing  at  temperatures  above  1120°C  and  below 
1300°C  promotes  the  formation  of  an  alloy  contain¬ 
ing  predominately  TiNi  and  TiNij.  The  amount  of 
each  phase  is  determined  by  the  time -temperature 
treatment,  higher  temperatures,  and  longer  sealing 
times  promoting  the  formation  of  TiNij. 


* 
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(c)  Seals  made  at  a  temperature  just  below  the  1304°C 
eutectic  contain  predominately  TiNi^  at  the  inter- 
face.  Seal  times  of  a  few  seconds  to  four  minutes 
have  been  satisfactorily  used.  Such  seals  are 
easily  and  reproducibly  made,  show  excellent 
strength,  and  are  of  the  type  which  has  already 
withstood  910  hours  in  the  900°C  life  test.  Further 
study  and  testing  is  needed,  however,  since  a  sam¬ 
ple  examined  after  480  hours  exposure  showed  evi¬ 
dence  of  loss  of  the  TiNij  phase  at  the  interface 
through  eoiutioning  by  the  nickel  washer. 

(d)  Seals  made  at  a  temperature  slightly  above  the 
1304  C  eutectic  contain  a  nickel  solid  solution  at 
the  ceramic -nickel  interface.  The  vacuum  tight¬ 
ness  of  such  seals  appears  to  be  quite  sensitive  to 
time  at  sealing  temperature.  No." soak"  at  peak 
sealing  temperature  is  required  or  is  desirable. 

(e)  Compensated  butt  seals  between  alumina  (A-923) 
and  0.010-inch  thick  nickel,  sealed  in  such  a  man¬ 
ner  as  to  form  only  the  nickel  solid  solution  at  the 
interface,  show  flexural  strengths  approximately 
one -third  that  which  is  obtained  if  sealing  is  per¬ 
formed  so  as  to  form  a  thin  layer  of  TiNij  at  the 
interface. 

EXPERIMENTAL  PROCEDURE  AND  EQUIPMENT 
I.  Ceramic -to-Metal  Test  Specimens 

The  test  specimens  selected  for  this  study  consisted  of  two 
polycrystalline  ceramic  cylinders  (0.690-inch  outside  diameter,  0.480- 
inch  inside  diameter,  0.  200-inch  long)  which  were  butt  sealed  to  each 
other  or  to  either  side  ox  a  metal  washer  forming  what  are  hereafter 
referred  to  as  ceramic-to-ceramic  specimens  and  ceramic-to-metal 
specimens,  respectively.  The  ceramic  cylinders  were  prepared  by  con¬ 
ventional  ceramic  fabrication  techniques,  including  ball  milling  of  the 
constituent  materials,  spray  drying  to  form  pressing  granules,  dry  pres¬ 
sing,  and  firing  to  maturity.  The  ends  of  the  fired  cylinders  were  ground 
flat  and  parallel  on  a  Blanchard  grinder  equipped  with  a  220-grit,  resi- 
noid-bonded  diamond  wheel.  The  ground  specimens  were  ultrasonic  ally 


cleaned  using  detergent- water  solutions  and  acetone  rinses,  followed  by 
air  firing  to  a  temperature  of  1000°C  for  one  hour. 

Two  types  of  specimens  were  used  in  the  study: 

(1)  A  polycrystalline  alumina,  designated  body  A-976, 
containing  a  small  amount  of  MgO  as  a  grain  growth 
inhibitor  which  was  sintered  to  a  density  of  approx¬ 
imately  99.  5  percent  of  theoretical. 

(2)  A  97  percent  alumina,  designated  body  A-923, 
containing  CaO,  MgO,  and  SiC^  as  fluxing  agents. 

Only  the  pure  sintered  alumina  is  sufficiently  resistant  to 
cesium  attack  to  permit  use  at  temperatures  above  about  600°C.  The 
97  percent  alumina  ceramic  was  included  in  the  test  program  in  order 
to  ascertain  whether  the  presence  of  the  three  percent  of  "fluxing  oxides" 
had  an  observable  effect  on  sealing  characteristics  and  seal  quality. 

Two  of  the  ceramic  specimens  were  sealed  to  each  other  or 
to  either  side  of  a  metal  washer  through  the  use  of  an  "active"  alloy 
which  was  liquid  or  partially  liquid  at  the  sealing  temperature.  The 
metal  washers  to  which  seals  were  made,  including  titanium,  tantalum, 
nickel,  Kovar,  Type  304  and  Type  430  stainless  steel,  were  all  nomin¬ 
ally  0.010-inch  thick  and  had  the  same  outside  and  inside  diameters  as 
the  ceramics.  The  active  sealing  alloy  was  derived,  at  the  sealing  tem¬ 
perature,  by  fusion  of  titanium  and  nickel  foil  washers  of  the  proper 
thickness  to  yield  the  desired  composition.  The  Grade  499  nickel  foil 
which  was  used  was  0.0003-inch  thick.  Titanium  foil,  Grade  A-75,  was 
used  in  three  different  thicknesses,  0.00025  inch,  0.0005  inch,  and 
0.  001  inch. 


Quantitative  analyses  for  carbon  and  semiquantitative  emis¬ 
sion  spectrographic  analyses  for  other  impurities  were  conducted,  with 
the  results  shown  in  Tables  I  and  II.  All  metal  washers  and  foil  were 
cleaned  using  accepted  electron  tube  processing  methods  but  were  not 
given  any  vacuum  or  hydrogen  firing  treatment  prior  to  sealing. 
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Table  I 


Material  Weight  Percent  Carbon 

0.001-inch  titanium  foil,  Grade  A-75  0.0129 

0.  010-inch  titanium  washers,  Grade  A-40  0.0346 


Table  II 


Contaminating 

Element 

Iron 

Manganese 
Copper 
Silic  n 


Weight  Percent 

0.001  -  0.01%,  estimated  to  be  near  0.01% 
0.001  -  0.01%,  estimated  to  be  near  0.005% 
0.001% 

^  0.001% 


All  thicknesses  of  titanium  foil,  0.00025  inch,  0.0005  inch, 
and  0.001  inch,  had  the  same  type  and  quantity  of  impurities. 


II.  Sealing  of  Test  Specimens 

All  specimens  were  sealed  in  the  vacuum  bell  jar  shown  in 
Figure  1.‘  The  assembled  specimens  were  stacked  in  a  spring-loaded 
molybdenum  fixture  and  suspended  within  the  resistance-heated  tantalum 
oven.  The  pressure  in  the  system  never  exceeded  5  x  10“^  Torr  during 
the  sealing  operation. 

Temperature  was  controlled  and  observed  using  a  combin¬ 
ation  of  several  methods:  power  input  to  the  oven,  observed  formation 
of  the  eutectic  alloy,  and  optical  pyrometer  readings.  The  tantalum  oven 
and  the  outer  heat  shield  each  contained  a  narrow  slit  which  permitted 
observation  of  the  specimens  during  sealing.  Thus,  the  formation  of  the 
titanium-nickel  eutectic  liquid  could  be  observed  readily  by  sighting  on 
the  joint  area  with  a  micro-optical  pyrometer.  Power  input  to  the  tant¬ 
alum  oven  was  controlled  by  a  Variac  on  the  primary  of  a  transformer 
feeding  the  oven.  Very  close  control  over  the  rate  of  heating  was  thus 

*See  Appendix  for  illustrations. 
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possible  and  close  duplication  of  a  particular  heating  schedule  was 
readily  accomplished.  With  a  given  load  and  a  given  heating  schedule, 
the  time  of  formation  of  the  eutectic  liquid  would  not  vary  more  than 
about  ten  seconds  from  test  to  test. 

Optical  pyrometer  readings  were  made  also  in  order  to  estab¬ 
lish  and  monitor  heating  schedules.  Mir  o-optical  pyrometer  readings, 
made  on  the  side  of  one  of  the  ceramic  specimens,  were  adequate  even 
though  they  included  a  large  (but  reproducible)  error  due  to  reflections 
from  the  hot  oven.  For  more  precise  work,  readings  were  made  using 
a  "black  Lody"  specimen.  Melting  p  int  deter  minations  were  made  in 
order  to  establish  temperature  corre  *ions  for  t'.e  glass  bell  jar. 

Three  basically  dinerent  heating  schedules  were  used,  as 
shown  in  Figure  2.  The  curves  represent  the  sample  temperature  during 
the  last  stage  of  heating  only.  The  heating  schedule  was  comprised  of 
several  stages,  each  stage  con1  ->ting  of  a  fixed  amount  of  time  at  a  fixed 
current  input  to  the  oven.  The  r  ite  oi  heat  input  during  the  first  several 
stages  of  heating  was  relatively  slow  in  order  to  keep  the  pressure  down 
during  evolution  of  the  isobu.yl  methacrylate  binder  which  was  used  to 
temporarily  cement  the  specinm  ns  and  shims  together,  and  to  prevent 
heat  shocking  of  the  ce-amic  .  This  consumed  approximately  12  minutes. 
During  the  next  four  minuter,  all  specimens  were  "soaked"  to  an  equil¬ 
ibrium  temperature  slightly  below  the  942°C  eutectic.  A  soak  temper¬ 
ature  of  about  880  C  was  usually  used.  During  the  last  stage  of  the  heat¬ 
ing  schedule  the  specimens  were  heated  rapidly  to  a  temperature  at  which 
the  nickel  and  titanium  react  to  form  the  eutectic  liquid.  This  heating 
stage  was  achieved  by  setting  the  current  input  to  the  oven  at  some  pre¬ 
determined  value  which  caused  the  tantalum  oven  to  rise  immediately 
to  some  fixed  temperature.  The  temperature  of  the  specimens  would 
then  rise,  as  a  function  of  time,  and  approach  the  temperature  of  the 
tantalum  oven.  It  is  the  temperature  of  the  specimen  during  this  last 
stage  of  heating  tha'.  is  represented  by  the  curves  of  Figure  2.  '.'.t  is  clear 
that  if  power  were  kept  on  for  three  minutes  after  the  melt  was  observed, 
the  specimen  would  have  reached  a  higher  final  temperature  than  if  the 
power  were  shut  wff  at  15  seconds. 

The  three  heating  schedules  shown  in  Figure  2  arc  those 
which  were  used  most  often.  Of  course,  many  departures  were  made 
from  these  schedules  in  order  to  investigate  the  effect  of  temperature 
or  elapsed  time  at  a  particular  temperature  on  the  metallography  of  a 
joint.  Schedule  A  was  used  when  sealing  ceramic-to-cerarmc  using 
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titanium- nickel  alloys  of  the  eutectic  or  near-eutectic  composition,  as 
well  as  for  sealing  ceramic -to-titanium  using  nickel  foil.  Schedule  B 
was  used  for  sealing  ceramic- to- ceramic  using  nickel-titanium  alloys 
containing  from  about  30  percent  to  65  percent  nickel,  while  Schedule 
C  was  used  for  sealing  ceramic-to-nickel,  using  titanium  foil,  and  for 
sealing  ceramic-to-ceramic  using  some  of  the  very  high  nickel  content 
titanium- nickel  alloys. 

The  length  of  time  at  which  the  seal  was  held  at  temperature, 
after  initial  melt  formation,  is  discussed  in  the  applicable  portion  of 
RESULTS  AND  DISCUSSION  of  this  study,  but  was  usually  from  15 
seconds  to  four  minutes.  Schedules  A,  B,  and  C  do  not  necessarily 
represent  the  optimum  time-temperature  heating  schedule  for  the  alloys 
listed  but  were  designed  primarily  to  achieve  several  basically  differ¬ 
ent  but  easily  reproducible  schedules  for  experimental  purposes. 

Near  the  end  of  the  program,  it  was  found  that  the  temper¬ 
ature  control  required  to  produce  ceramic-to-nickel  seals  having  the 
desired  characteristics  was  beyond  tfu  capability  of  the  system  and 
procedure  in  use.  In  order  to  provide  the  required  precision  of  temper¬ 
ature  control,  the  brazing  oven  and  sea!  fixturing  were  modified  so  as 
to  permit  placing  a  thermocouple  either  in  contact  with  the  work  (and 
shielded  from  radiation)  or  inserted  into  a  small  ceramic  cup  placed 
adjacent  *o  the  work.  Thermocouple  millivoltage  was  plotted  on  an  X-Y- 
time  recorder,  corrected  for  cold  junction  compensation,  and  converted 
to  temperature.  By  manually  adjusting  the  current  through  the  oven,  it 
was  possible  to  accurately  follow  any  desired  heating  (within  the  limits 
of  the  power  supply),  soak,  and  cooling  schedule. 

A  cooling  curve  which  is  typical  of  that  experienced  by  a 
specimen  after  the  power  to  the  oven  is  shut  off.  is  plotted  ...  Figure  3. 

III.  Metallographic  Specimen  Preparation 

Spec  imens  for  metallographic  examination  were  prepared  by 
cutting  a  sealed  ceramic  specimen  in  half  on  a  diameter,  mounting  the 
half- specimen  in  Bakelite,  followed  by  me  tall  ©graphic  polishing.  Th* 
following  sequence  of  polishing  operations  was  performed. 

(1)  Thirty  - true  ran  diamond  paste  on  a  cast  iron  1  >*p 

(2)  Thirty-micron  diamond  paste  on  airplane  wing  cloth 
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(3)  Fifteen- micron  diamond  paste  on  airplane  wing 
cloth 

(4)  Three-micron  diamond  paste  on  airplane  wing 
cloth 

(5)  Linde  A  on  black  suede  cloth 

(6)  Linde  B  on  black  suede  cloth 

The  following  etchant  was  used  on  most  specimens  and  was 
applied  with  a  swab  for  from  three  to  10  seconds. 

(1)  Forty-five  parts  nitric  acid 

(2)  Forty-five  parts  water 

(3)  Ten  parts  hydrofluoric  acid 

(<*;  Ninety  parts  lactic  acid  (85  percent) 

IV.  Microhardness  Measurements 

Hardness  measurements  were  made  using  a  Kentron  micro¬ 
hardness  tester  equipped  with  a  Knoop  indenter.  All  measurements  were 
made  with  a  10-gram  load. 

Buehler  and  Wiley  *  conducted  an  intensive  study  of  the  TiNi 
phase  region  in  the  titanium-nickel  system.  (Their  work  was  discussed 
in  the  Semiannual  Technical  Summary  Report  on  this  contract.  )  Some 
hardness  measurements  interpolated  from  several  illustrations  contained 
in  their  report  are  presented  in  Table  III  and  will  be  useful  for  compar¬ 
ison  with  data  obtained  in  this  study. 


Table  III 


Alloy  Composition  Hardness,  DPH 


TiNi, 

54.  5 

w/  o  Ni 

230 

TiNi, 

55.  1 

w/  o  Ni 

340 

Ti2Ni 

62  5 

TiNi  3 

365 
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Stover  and  Wulff  also  detected  significant  differences  in 
hardness  between  the  inter  metallic  compounds  in  the  titanium-*  nickel 
system.  They  found  that  the  hardness  (all  values  compared  at  a  con¬ 
stant  indentation  diagonal  of  10  microns)  of  the  Ti^Ni  phase  was  700 
kg  per  sq  mm  and  was  increased  slightly  by  additions  of  carbon  to  900 
kg  per  sq  mm.  In  the  TiNi  phase  area,  the  microhardness  increased 
from  300  to  700  kg  per  sq  mm  as  the  nickel  content  increased  from  50 
a/o  to  57  a/ o.  Carbon  additions  had  no  effect  on  the  hardness  of  the 
TiNi  phase.  TiNi 3  prepared  from  sponge  titanium  was  found  to  have  a 
hardness  of  660  kg  per  sq  mm,  and  individual  plates  could  be  plastic¬ 
ally  deformed. 

V.  High- Temperature  Life  Testing  Equipment 

Life  testing  was  performed  in  a  vacuum  set  having  a  two- 
port  manifold,  as  shown  in  Figure  4.  Closed-end,  impermeable  mullite 
tubes  were  sealed  to  each  port  by  means  of  quick- clamping  arrange¬ 
ments  employing  Viton  gaskets.  The  closed-end  of  each  ceramic  tube 
projected  through  the  hole  in  the  door  of  a  small  furnace,  the  furnace 
temperature  being  controlled  by  a  Brown  millivoltmeter  indicator-con¬ 
troller.  A  two-deck  molybdenum  boat,  on  which  the  samples  were 
placed,  was  inserted  into  each  tube  and  was  followed  by  a  four-plate 
molybdenum  radiation  baffle.  Titanium  sheets  spot- welded  to  the  plates 
of  the  radiation  baffle  served  as  getters  and  reduced  the  possibility  of 
backstreaming  pump  oil  contacting  the  samples  under  test. 

A  vacuum  of  1  x  10  Torr  was  attained  in  the  manifold  at 
the  start  of  the  life  testing  phase  of  this  study.  Near  the  end  of  the  pro¬ 
gram,  the  vacuum  as  read  on  an  ion  gauge  attached  to  the  manifold  just 
below  table  level  was  only  about  5  x  10”  5  Torr.  The  actual  vacuum  within 
the  ceramic  test  chamber  may  have  been  somewhat  different  from  that 
read  on  the  ion  gauge.  Hardness  measurements  made  on  several  metals 
(titanium,  tantalum,  and  columbium)  capable  of  getter. ng  oxygen,  nitro¬ 
gen,  and  carbon,  served  as  monitors  of  the  atmosphere  within  the  heated 
test  chambers  during  a  life  test. 

RESULTS  AND  DISCUSSION 

I.  Ceramic-to -Metal  Sealing 


A.  General 

3 

Since  the  discovery  of  the  unique  ability  of  a  molten 
metal  o~  alloy,  containing  a  small  percentage  of  the  active  metal  titanium, 
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to  wet  and  bond  to  ceramic  surfaces,  many  novel  methods  have  been 
developed  for  forming  the  "active  alloy"  in  situ,  resulting  in  the  now 
familiar  "titanium  hydride  process,  the  "titanium-cored  silver  solder 
method,"  the  "mixed  powder"  technique,  and  the  "active  alloy  shim" 
process.  ^  Most  "active  alloy"  sealing,  however,  has  been  performed 
using  such  brazing  alloys  as  copper,  silver-copper,  and  gold-copper. 
Unfortunately,  such  alloys  are  not  considered  sufficiently  resistant  to 
cesium  attack  to  permit  their  use  in  cesium  vapor  thermionic  converters 
wherein  the  seals  are  designed  to  operate  at  temperatures  above  about 
600°C. 


Beggs^  utilized  the  low  melting  eutectics  which  form 
in  certain  binary  titanium- alloy  systems  to  seal  the  titanium  electrodes 
of  a  tube  envelope  to  a  matching  ceramic.  He  accomplished  this  by 
interposing  a  thin  shim  of  nickel  or  copper  between  the  surfaces  to  be 
joined,  and  heating  to  the  temperature  at  which  the  lowest  melting 
eutectic  would  be  formed,  942  C  in  the  case  of  the  titanium- nickel  sys- 

O  ' 

tern  and  873  C  in  the  case  of  titanium-copper.  This  process  is  now 
commonly  referred  to  as  the  "active  metal  shim"  process. 

Since  the  titanium- nickel  alloy  was  predicted,  and 
later  demonstrated,  to  possess  good  resistance  to  cesium  attack,  the 
titanium- nickel  active  metal  shim  process  appeared  to  be  a  very  desir¬ 
able  method  for  fabricating  thermionic  converters.  In  converters,  how¬ 
ever,  it  was  necessary  to  use  such  structural  metals  as  tantalum  and 
stainless  steel,  making  it  necessary  to  supply  both  nickel  and  titanium 
shims  in  the  proper  thickness  co  yield  the  eutectic  composition.  This 
was  accomplished,  for  example,  by  using  one  washer  of  0.0003-inch 
thick  nickel  foil,  one  washer  of  0.001 -inch  titanium  foil,  and  one  washer 
of  0.0005-inch  titanium  foil,  yielding  an  alloy  having  the  composition 
71.8  w/ o  titanium,  28.2  w/ o  nickel  (calculated  using  the  actual  weights 
of  the  respective  shims).  The  942°C  eutectic  in  the  titanium- nickel 
system  has  the  composition  71,  5  w/'  o  titanium,  28.  5  w/o  nickel. 

In  practice,  it  was  found  that  seals  made-  using  this 
eutectic  alloy  appeared  to  be  less  reliable  than  those  prepared  by  the 
method  developed  by  Beggs,  i.e.  ,  in  which  the  molten  alloy  is  formed 
from  and  is  in  contact  with  an  essentially  "infinite"  supply  of  titanium. 

A  look  at  the  titanium-nickel  phase  diagram,  Figure  5,  shows  that  as 
the  temperature  is  raised  above  the  942°C  eutectic  temperature,  the 
composition  of  the  melt  becomes  enriched  with  titanium.  In  a  seal  be¬ 
tween  tantalum  and  a  ceramic,  using  the  titanium-nickel  eutectic  com¬ 
position  as  the  sealing  alloy,  the  melt  could  only  become  enriched  with 
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tantalum  or  the  products  of  reaction  with  the  ceramic,  neither  of  whose 
effect  on  seal  properties  was  known.  It  was  apparent  from  the  phase 
diagram  and  from  the  voluminous  literature  on  titanium  and  its  alloys, 
that  intermetallic  compounds  could  form  in  titanium- nickel  aloys  (and 
would  be  expected  in  an  alloy  of  the  942°C  eutectic  composition)  and 
that  most  of  these  intermetallic  phases  were  extremely  hard  and  brittle. 

It  was  also  known  that  molten  titanium  reacts  vigorously  with  most  metal 
oxides,  rapidly  contaminating  the  melt. 

Consequently,  the  need  existed  for  a  better  understand¬ 
ing  of  the  titanium- nickel  sealing  process  with  respect  to  the  effect,  on 
physical  and  mechanical  properties  of  the  joint,  of  the  sealing  alloy  com¬ 
position  and  time-temperature  sealing  cycle,  and  possible  compositional 
changes  in  the  sealing  alloy  through  solution  of  the  structural  metal  mem¬ 
ber  or  by  reaction  with  the  ceramic. 

During  this  study,  seals  were  prepared  for  metallo- 
graphic  examination,  microhardrxess  measurement,  microprobe  analyses, 
and  high- temperature  life  testing.  The  seals  were  of  two  basic  types: 

(1)  ceramic-to-ceramic,  and  (2)  ceramic-to-metal.  The  first  type  in¬ 
cluded  seals  which  were  made  using  titanium  and  nickel  foil  washers  of 
proper  thickness  to  yield  the  alloy  compositions  given  in  Table  IV.  The 
compositions  shown  are  based  upon  the  actual  weight  of  the  titanium  and 
nickel  shims  whose  nominal  thicknesses  are  given. 

Seals  of  the  second  type  included  those  wherein  two 
ceramic  cylinders  were  seeded  to  either  side  of  a  metal  washer  using 
one  of  the  above  mentioned  titanium- nickel  alloy  compositions,  usually 
the  near-eutectic  composition  71.8  w/ o  Ti,  28.2  w/o  Ni,  or  the  higher 
titanium  content  alloy  76.8  w/o  Ti,  23.2  w/o  Ni.  The  metal  washers 
used  included  tantalum,  Kovar  (nickel-cobalt-iron  alloy),  Type  304  stain¬ 
less  steel  (nickel-chromium-iron  alloy),  and  Type  430  stainless  steel 
(chromium-iron  alloy).  In  addition,  seals  were  made  to  titanium  washers 
using  a  0.0003-inch  nickel  shim  on  each  side.,  and  to  nickel  washers 
using  a  thin  titanium  shim  on  each  side.  A  few  seals  were  made  to  Kovar 
and  the  stainless  steels  using  only  a  titanium  shim  on  each 'side  and  re¬ 
lying  on  eutectic  formation  with  the  nickel  or  iron  content  of  the  metal 
washer. 


In  addition,  ceramic-to-metal  seals  were  made  to 
tantalum,  Kovar,  and  the  stainless  steels  using  a  0.010-inch  thick  titan¬ 
ium  "buffer"  washer  on  either  side  of  the  structural  metal  washer.  The 
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function  of  the  titanium  "buffer"  washer  was  to  minimize  the  formation 
of  the  intermetallic  phase  T^Ni  as  will  be  described  later. 

As  has  already  been  pointed  out,  the  first  liquid  to 
form  in  a  titanium- nickel  shim  seal  has  the  composition  of  the  lowest 
melting  eutectic  71.  5  w/o  Ti,  28.  5  w/o  Ni.  Under  equilibrium  condi¬ 
tions,  the  composition  of  the  liquid  remains  constant  until  one  of  the 
components  is  consumed.  If  alloying  is  continued,  at  a  temperature 
higher  than  that  of  the  eutectic  (942°C),  the  melt  will  continue  to  dis¬ 
solve  the  remaining  component  and  become  "titanium- rich"  or  "nickel- 
rich"  with  respect  to  the  eutectic  composition.  These  terms  are  used 
extensively  throughout  this  report  and  are  intended  to  have  this  meaning. 

B.  Ceramic -to- Ceramic  Seals  with  Titanium-Rich  Alloys 

Figure  6  shows  the  microstructure  of  a  seal  made 
with  an  alloy  having  the  composition  71.8  w/o  Ti,  28.2  w/o  Ni.  This  is 
but  slightly  higher  in  titanium  content  than  the  eutectic  71.  5  w/ o  Ti, 

28.  5  w/o  Ni.  The  phase  layer  adjacent  to  the  ceramic  is  only  2-1/2 
microns  wide,  while  the  thickness  of  the  entire  braze  joint  is  only  33 
microns. 


The  thinness  of  the  various  layers  coupled  with  their 
inaccess  ability  to  analysis  by  x-ray  diffraction,  often  made  positive 
identification  of  the  many  phases  which  were  encountered  quite  difficult. 
Such  positive  identification,  however,  was  not  considered  necessary  for 
successful  attainment  of  the  objectives  set  forth  in  PROGRAM  OF  EVAL¬ 
UATION  AND  INVESTIGATION.  Consideration  of  known  phase  equilibria 
for  the  titanium- nickel  system  (and  other  pertinent  systems)  augmented 
by  polarized  light  microscopy,  microhardness,  and  a  few  microprobe 
analyses  permitted  identification  of  the  more  important  phases  which 
existed  in  the  various  seals  to  be  discussed. 

In  the  seal  shown  in  Figure  6,  the  globular  phase 
which  occurs  near  the  center  of  the  braze  joint  is  the  brittle  intermetal¬ 
lic  compound  Ti^Ni.  It  was  found  to  have  a  Knoop  hardness  of  1145  (in 
this  particular  seal)  and  occasional  splitting  of  a  grain  under  the  diamond 
indenter  attests  to  its  brittleness.  Immediately  surrounding  and  between 
the  Tij>Ni  grains  are  dark  colored  regions  of  alpha  (transformed  beta) 
titanium.  Two  layers  are  found  adjacent  to  the  ceramic,  neither  of 
which  has  been  positively  identified.  Both  layers  are,  however,  optic¬ 
ally  anisotropic  and  are  believed  to  be  alpha  titanium  solid  solutions. 
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The  layer  immediately  in  contact  with  the  ceramic  surface  appears  to 
contain  dispersed  particles  of  another  phase.  This  braze  joint  was 
analyzed  for  Ti,  Ni,  and  Al,  by  the  microemission  x-ray  spectrometer 
technique,  and  the  results  obtained  are  discussed  in  another  section  of 
this  report. 


It  is  helpful  to  our  understanding  of  the  origin  and  rel¬ 
ative  quantities  of  the  observed  phases  to  trace  the  path  of  solidification 
of  a  melt  having  this  near-eutectic  composition.  At  the  sealing  temper¬ 
ature  of  about  1040  C,  this  71.8  w/o  titanium,  28.2  w/o  nickel  alloy 
would  be  all  liquid.  Reaction0*  '  with  the  ceramic  occurs  rapidly  and 
probably  involves  the  formation  of  TiOx  at  the  interface  and  diffusion  of 
aluminum  and  oxygen  into  the  alloy.  Aluminum  is  extensively  soluble 
in  both  beta  and  alpha  titanium,  and  is  an  effective  alpha  stabilizer.®’^ 
The  ala  +  £  phase  boundary  rises  rapidly  with  increasing  aluminum  con¬ 
tent,  from  the  882°C  transformation  temperature  of  pure  titanium  to 
1240°C  at  31  w/o  aluminum.  A  binary  titanium  alloy  containing  about 
11  w/o  aluminum  would  be  all  alpha  up  to  a  temperature  of  1040°C. 
Although  no  information  could  be  found  on  the  effect  of  aluminum  addi¬ 
tions  to  titanium- nickel  alloys,  alpha- stabilizing  element  additions  to 
beta-eutectoid  systems  are  generally  known  to  extend  the  a  +  /3  field  to 
higher  temperatures.  For  example,  6  w/ o  aluminum  in  a  Ti-4  w/o  Cr 
alloy  has  a  beta  transus  temperature  of  980°C  as  compared  with  820°C 
for  the  aluminum-free  alloy. 

Oxygen  is  an  even  more  effective  alpha  stabilizing 
element;  about  4  w/o  of  oxygen  being  as  effective  as  31  w/o  of  aluminum 
in  raising  the  al a  +  transformation  temperature.  A  binary  titanium 
alloy  containing  only  about  2-1/2  w/o  oxygen  would  be  all  alpha  at  the 
sealing  temperature  of  1040°C. 

The  two  layers  adjacent  to  the  ceramic  surface  have 
already  been  mentioned.  Initially,  upon  examining  the  polished  section 
and  noting  the  large  grains  which  make  up  the  second  layer  from  the 
ceramic,  it  was  thought  that  this  light  etching  layer  might  be  a  nickel- 
rich  beta  titanium  solid  solution  since  about  9  w/o  nickel  is  known  to 
permit  retention  of  beta  on  quenching.  Examination  of  the  TTT  curves, 
Figure  3,  for  a  titanium-6  w/o  nickel  alloy,  in  light  of  the  cooling  rate 
which  occurs  after  the  making  of  a  seal,  indicates  that  retention  of  beta 
would  be  virtually  impossible.  Furthermore,  the  grains  of  this  layer 
are  definitely  optically  anisotropic. 


11-20 


Upon  cooling  the  binary  titanium- nickel  alloy  to  the 
eutectic  temperature  (942  C  for  the  binary  titanium- nickel  system), 

T^Ni  would  make  its  appearance  simultaneously  with  the  disappear¬ 
ance  of  the  liquid.  At  this  temperature,  the  alloy  should  consist  of  65 
w/o  T^Ni  and  35  w/o  titanium.  Cooling  to  room  temperature  may 
cause  decomposition  of  the  eutectoid  with  a  resulting  slight  increase  in 
Ti^Ni  at  the  expense  of  the  titanium  solid  solution.  At  room  temper¬ 
ature,  the  equilibrium  alloy  should  consist  of  76  w/o  T^Ni,  24  w/o 
alpha  titanium.  These  phases,  in  approximately  these  proportions  (con¬ 
sidering  the  higher  density  of  T^Ni),  can  be  seen  to  exist  in  the  seal 
shown  in  Figure  6. 

After  the  eutectic  liquid  has  formed  and  reaction  with 
the  ceramic  has  occurred,  we  are,  however,  no  longer  dealing  with  a 
simple  binary  alloy.  It  is  probable  that  the  layer  adjacent  to  the  cer¬ 
amic  is  an  oxygen  and  aluminum- rich  titanium  solid  solution  with  dis¬ 
persed  particles  of  other  phases.  The  layer  adjacent  to  this,  contain¬ 
ing  primary  alpha  titanium  grains  (also  containing  aluminum  and  oxygen), 
probably  solidified  from  the  melt  at  the  seeding  temperature.  The  large 
T^Ni  grains  and  small  patches  of  transformed  beta  found  in  the  center 
of  the  braze  joint  solidified  at  the  eutectic  temperature. 

If  the  seal  is  heated  for  a  somewhat  longer  period  of 
time  at  the  sealing  temperature,  diffusion  of  oxygen  and  aluminum  into 
the  alloy  occurs  to  the  extent  that  no  transformed  beta  is  found  in  the 
joint  at  room  temperature,  as  shown  in  Figures  7,  8,  and  9  to  be  dis¬ 
cussed  later. 


The  rapid  rate  of  diffusion  of  nickel  in  titanium  is 
partially  responsible  for  the  large  and  well  defined  nickel  containing 
phases  seen  in  these  photomicrographs  and  was  demonstrated  by  placing 
a  washer  of  titanium  and  one  of  nickel  in  intimate  contact  and  heating  to 
a  temperature  of  about  880°C  for  five  minutes.  This  is  approximately 
the  same  time  and  temperature  at  which  a  seal  assembly  is  "soaked"  to 
thermal  equilibrium  before  increasing  the  temperature  to  form  the 
eutectic  liquid.  Figure  10  is  a  photomicrograph  of  this  titanium- nickel 
couple.  Equiaxed  primary  alpha  with  transformed  beta  in  the  grain 
boundaries  would  be  obtained  after  heating  commercially  pure  alpha 
titanium  to  this  temperature;  the  central  portion  of  the  titanium  washer 
can  be  seen  to  have  such  a  structure.  Adjacent  to  the  nickel,  however, 
the  titanium  has  the  basket-weave  structure  formed  by  transformation 
of  beta  to  alpha  during  cooling,  indicating  that  sufficient  nickel  must 
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have  diffused  into  the  titanium  to  shift  t  ,e  composition  of  the  alloy  into 
the  beta  field  (see  Figure  5).  A  similar  effect  is  seen  on  the  side  of  the 
titanium  washer  which  was  in  contact  with  a  Kovar  washer  during  the 
heat  treatment. 


Figure  11  portrays  a  section  of  a  seal  made  with  an 
alloy  which  was  somewhat  richer  in  titanium  (76.  8  w/o  Ti,  23.  2  w/o 
Ni)  than  the  eutectic  seal  shown  in  Figure  6.  As  would  be  predicted 
from  the  phase  diagram,  less  T^Ni  exist  in  the  alloy  at  room  temperature. 

Figure  12  shews  a  section  of  a  seal  made  with  an  alloy 
which  was  still  richer  in  titanium.  It  was  so  rich,  in  fact  (83.  2  w/o  Ti, 
16.8  w/o  Ni),  that  calculations  show  that  the  joint  should  contain,  at 
the  sealing  temperature,  approximately  40  w/o  liquid  and  60  w/o  beta 
solid  solution.  Although  the  use  of  brazing  alloys  having  broad  melting 
ranges  is  generally  considered  undesirable  due  to  possible  liquation, 
no  such  trouble  was  encountered  with  the  "titanium- rich"  series  of  alloys. 
The  advantages  of  using  a  very  titanium-rich  alloy  considerably  outweigh 
the  theoretical  disadvantage  of  not  possessing  a  sharp  melting  point,  as 
explained  in  the  following  paragraphs. 

The  photomicrograph  (Figure  12)  shows  the  usual  alpha 
titanium  layers  adjacent  to  the  ceramic.  Between  these  layers,  however, 
one  sees  a  region  containing  but  a  very  small  amount  of  T^Ni,  the 
balance  being  transformed  beta,  as  predicted  by  the  phase  diagram  and 
in  conformity  with  the  solidification  process  previously  discussed.  It 
will  be  noted  that  no  cracks  exist  in  this  seal  or  the  seal  shown  in  Figure 
11.  In  general,  it  can  be  said  that  under  the  same  sealing  conditions 
(time  and  temperature),  the  tendency  toward  the  formation  of  cracks  in 
the  alloy  decreases  as  the  titanium  cortent  of  the  alloy  increases.  The 
reason  for  this  is  the  reduction  of  the  amount  of  T^Ni  which  forms  in 
the  joint  and  a  consequent  reduction  in  the  stresses  which  are  introduced 
as  a  result  of  the  thermal  expansion  mismatch  between  the  several  phases 
and  the  ceramic.  With  a  large  proportion  of  the  relatively  ductile  titan¬ 
ium  present,  destructive  stresses  cannot  be  set  up. 

Microhardness  measurements  were  made  on  the  several 
phases  contained  in  this  alloy  and  illustrate  the  effect  just  discussed. 

The  T12N1  in  the  center  of  the  alloy  had  a  hardness  of  925  KHN.  The 
transformed  beta  titanium  surrounding  this  T^Ni,  and  comprising  the 
bulk  of  the  entire  alloy  layer,  had  a  hardness  of  only  302  KHN.  The  light 
colored,  alpha  titanium  layer  was  extremely  hard  at  988  KHN.  The  re- 
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action  layer  in  contact  with  the  ceramic  surface  was  so  thin  tha*  its 
hardness  could  not  be  measured  but  it  certainly  would  not  be  expected 
to  be  soft. 


The  aforementioned  ceramic-to-ceramic  seals  made 
with  alloys  having  titanium  contents  the  same  as  or  greater  than  that  of 
the  lowest  melting  eutectic  in  the  titanium-nickel  system  (71.  5  w/ o  Ti, 
28.  5  w/ o  Ni)  were  all  prepared  using  a  heating  schedule  similar  to  that 
shown  in  Figure  2,  Curve  A.  The  power  to  the  oven  was  cut  off  about 
one  minute  after  initial  melt  formation  was  observed.  Shorter  sealing 
times  can  be  and  generally  are  used.  Sealing  times  of  from  10  to  30 
seconds  after  initial  melt  formation  are  typical  for  sealing  of  practical 
devices. 


Prolonged  heating  after  the  melt  is  formed  is  quite 
damaging  to  the  quality  of  the  resulting  seal.  Figures  7,  8,  and  9  show 
seals  having  compositions  identical  to  those  of  Figures  6,  11,  and  12, 
respectively,  but  were  held  at  temperature  for  10  minutes  after  the 
melt  was  formed.  Although  such  a  prolonged  heating  is  not  practical, 
it  clearly  shows  the  embrittling  effect  of  excessive  reaction  with  the 
ceramic.  All  seals  which  received  prolonged  heating  at  the  sealing 
temperature  can  be  seen  to  contain  many  cracks.  The  large  grains  of 
T^Ni  in  the  central  region,  as  well  as  the  alpha  titanium  layers  adjacent 
to  the  ceramic  make  the  seal  shown  in  Figure  7  appear  similar  to  that 
of  the  seal  of  the  same  composition  which  received  a  normal  heat  treat¬ 
ment  (Figure  6).  The  major  difference  lies  in  the  hardness  of  the  titan¬ 
ium  phase  of  the  "overbrazed"  seal  and  the  excessive  cracking  which 
results  from  the  inability  of  the  titanium  to  yield  plastically  or  elastic- 
ally.  Hardening  of  the  titanium  results  from  contaminants  introduced 
by  reaction  with  the  alumina  ceramic. 

Whereas  titanium- rich  alloys  have  been  shown  to  be 
definitely  advantageous  when  sealing  is  accomplished  using  a  normal 
sealing  schedule,  they  do  not  prevent  cracking  if  prolonged  heating  at 
sealing  temperature  is  pt  'nutted,  as  shown  in  Figures  8  and  9.  The 
alloy  in  these  two  titanium- rich  alloy  seals  was  so  brittle  and  cracked 
that  fragments  were  picked  out  during  polishing.  The  alloy  shown  in 
Figure  9  contains  a  very  large  T^Ni  area  in  the  center  with  the  usual 
alpha  titanium  layers  on  either  side. 
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.  Ceramic -to- Titanium  Seals 


A  seal  between  0.010-inch  thick  titanium  and  ceramic, 
using  a  0.0003-inch  nickel  washer  to  form  the  sealing  liquid,  results  m 
the  structure  shown  in  Figures  13  and  14.  The  seal  shown  in  Figure  13 
received  a  normal  time-temperature  sealing  treatment.  A  thin  layer 
of  T^Ni  can  be  seen  lying  parallel  to  but  about  0.001  inch  from  the  cer¬ 
amic-metal  interface.  Such  joints  appear  to  be  very  strong  and  reliable 
in  spite  of  the  presence  of  a  small  quantity  of  Ti^/si. 

Hardness  measurements  were  made  at  seven  points 
between  the  center  and  the  outside  of  the  alloy  layer,  five  measurements 
between  the  center  and  the  layer  of  T^Ni  and  two  more  measurements 
between  this  layer  and  the  surface  of  the  ceramic.  The  hardness  read¬ 
ings  varied  somewhat  but,  in  general,  can  be  said  to  have  increased 
from  284  KHN  at  the  center  of  the  alioy  layer  to  542  KHN  near  the  ceramic. 

Another  seal  of  the  same  type,  i.e.,  ceramic-to- 
titanium,  but  which  had  reached  a  slightly  higher  temperature  during 
sealing  did  not  contain  the  Ti^Ni  layer  and  showed  a  smoothly  increasing 
microhardness  from  the  center  to  the  edge.  The  readings  were  239 
(center),  255,  342,  394,  470  and  726  KHN  very  close  to  the  reaction 
layer  which  is  formed  in  contact  with  the  ceramic. 

If  a  seal  of  this  type  is  sealed  according  to  Schedule  A 
but  is  given  a  prolonged  hold,  for  example  five  minutes,  at  the  peak 
temperature  attained,  the  seal  appears  as  in  Figure  14.  No  Ti,Ni  grains 
are  visible  due  to  complete  diffusion  of  the  nickel  through  the  itanium 
washer.  Some  Ti^Ni  should.,  however,  occur  in  equilibrium  with  alpha 
titanium  at  room  temperature  if  eutectoid  decomposition  occurs  during 
cooling  (the  eutectoid  reaction  is  very  rapid  in  the  titanium- nickel  sys¬ 
tem,  see  Figure  3).  Even  if  the  two  0.0003- inch  nickel  shims  o..;d  the 
0.010-mch  titanium  washer  were  reacted  to  form  .»  homogeneous  alloy 
with  a  resultant  composition  of  90  w/o  Ti  and  10  w/o  Ni,  the  ”oy  should 
contain,  under  room  temperature  equilibrium  conditions,  approximately 
74  w/o  alpha  titanium  and  26  w  o  Ti^Ni.  Large  grains  of  t  i^N'  are 
formed  during  high-tempcrature  life  testing,  as  will  be  discussed  later. 

Microhardness  measurements  on  the  seal  of  Figure  14. 
from  the  center  to  the  edge,  gave  readings  of  925,  842,  770,  988,  896 
and  988,  showing  the  effect  of  I'T.l.itr.inants  introduced  through  reaction 
with  the  alumina. 
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In  contrast  with  the  ceramic-to-ceramic  seals  pre¬ 
viously  discussed,  this  long  time-temperature  sealing  treatment  of  a 
ceramic-to- titanium  seal  did  not  affec  its  vacuum  tightness  or  cause 
failure  of  the  bond  during  metallograpnic  mounting.  Although  the  alloy 
is  undesirably  hardened,  multiple  layers  of  different  phases  do  not  cx  t, 
with  their  differing  thermal  expansions,  to  set  up  severe  stresses  lead¬ 
ing  to  cracking.  Furtnermore,  the  larger  volume  of  metal  can  hold 
more  oxygen  before  damaging  embrittlement  is  encountered. 

Sealing  to  a  thick  titanium  washer  satisfies  our  desi  _ 
(as  discussed  in  Section  B.  Ceramic-to-Ceramic  Seals  with  Titamum- 
Rich  Alloys)  to  use  an  alloy  so  rich  in  titanium  that  little  Ti^Ni  can  exist. 
Also,  by  using  the  thick  titanium  washer,  the  eutectic  liquid  which  forms 
at  the  sealing  temperature  exists  for  a  very  short  time,  disappearing 
as  the  eutectic  forming  element,  nickel,  diffuses  into  the  titanium. 

That  hardening  of  the  titanium  washer  is  not  due  merely 
to  nickel  in  solid  solution  in  titanium  or  present  as  finely  dispersed 
TipNi  was  shown  by  melting  a  nickel  shim  onto  the  surface  of  a  titanium 
washes  for  six  minutes  at  temperatures  of  1000°C  and  1100°C.  Hard¬ 
ness  measurements  across  the  titanium  washer  gave  »-eadings  ranging 
from  240  to  a  maximum  of  only  270  Knoop.  This  experiment  was  per¬ 
formed  using  several  methods  of  supporting  the  titanium  washer  in  the 
oven,  none  of  which  permitted  contact  «;*h  a  ceramic. 

D.  Reaction  of  Titanium  with  Various  Metal  Oxides 


A  brief  experiment  was  conducted  to  ascertain  whether 
gross  differences  the  hardening  of  titanium  would  result  if  sealed  to 
metal  oxides  other  than  alumina,  particularly  the  "fluxing  oxides"  con¬ 
tained  m  a  97  percent  alumina  ceramic. 

Specimens  were  prepared  by  sealing  0.010-  inch  titan¬ 
ium  washers  to  thin  slices  cut  from,  a  boule  of  sapphire  (Al  >0^),  a  crystal 
of  periclase  (MgO),  and  a  rod  of  fused  silica  (SiO>).  A  0.0003- inch  nickel 
washer  was  used  to  effect  the  seal  between  the  titanium  and  the  oxide 
slice.  All  three  specimens  were  scaled  simultaneously  with  tantalum 
washers  separating  tae  specimens  in  the  stack. 

The  specimens  were  mounted,  polished,  and  micro¬ 
hardness  mcasurenwnts  were  made  at  intervals  across  the  0.010-tnch 
titanium  washer  as  well  as  a  short  distance  into  the  supporting  tanta'um 
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washer  which,  during  sealing,  became  bonded  to  the  titanium.  The 
hardness  data  obtained  are  plotted  in  Figure  15. 

From  these  few  data,  one  would  say  that  the  harden¬ 
ing  of  titanium,  at  the  titanium-ceramic:  interface,  is  relatively  little 
affected  by  the  oxide  to  which  it  is  sealed. 

It  appears,  however,  chat  the  hardness  of  the  titanium 
at  considerable  distances  from  the  interface  is  dependent  upon  the  type 
of  oxide.  Although  quite  inconclusive,  these  data  do  support  the  obser¬ 
vation,  made  in  connection  with  life  testing  of  seals  at  a  temperature  of 
700°C,  that  the  rate  of  hardening  of  titanium  is  related  to  the  composi¬ 
tion  of  the  ceramic  to  which  it  is  sealed. 

E.  Ceramic-to-Metal  Seals  (Tantalum,  Kovar,  Stainless 
Steels) 

Titanium  and  nickel  foil  washers,  in  the  proper  thick¬ 
ness  to  yield  the  near-eutectic  composition  (71.  8  w/o  Ti,  28.  2  w/ o  Ni) 
or  the  tita*  n-rich  composition  (76.  8  v// o  Ti,  23.  2  w/ o  Ni)  were  used 
for  butt  seeding  cylindrical  ceramic  specimens  to  either  side  of  0.010- 
inch  thick  washers  of  t.mtalum,  Kovar,  Type  304  and  Type  430  stainless 
steel.  The  ceramic  specimens  were  made  from  body  A-976. 

Figures  16,  17,  18,  and  19  show  polished  sections  of 
seals  tc  these  four  metals.  The  seal  between  tantalum  and  ceramic, 
Figure  16,  appears  somewhat  similar  to  that  obtained  between  two  cer¬ 
amics.  Although  reaction  with  the  tantalum  has  occurred,  it  does  not 
embrittle  the  sealing  alloy.  Seals  to  tantalum  are  no  more  difficult  to 
make  than  cera.mic-to-ceramic  seals.  It  is  preferable,  however,  to 
use  a  titanium- rich  sealing  alloy  in  order  to  minimize  Ti^Ni  formation 
or,  preferably,  a  titanium  "buffer"  washer,  as  will  be  discussed  in  a 
subsequent  section. 

The  sealing  alloy  in  the  Kovar  (Figure  17)  and  Type 
304  stainless  steel  (Figure  18)  seals  has  been  altered  appreciably  in 
composition  due  to  enrichment  by  nickel  from  the  metal  washer.  The 
resulting  alloy  is  extremely  hard  and  brittle  and  shows  many  cracks. 
Although  it  is  possible  to  make  vacuum-tight  seals  to  these  two  metals, 
it  requires  extremely  close  control  over  the  time  -  Lemper  ature  sealing 
schedule.  Even  the  use  of  the  titanium-rich  titanium- niCKel  sealing 
alloy  which  has  been  found  advantageous  in  ^eramic-m-ceramic  sealing 
does  not  '  ssure  consistently  vacuum  tight  seals. 
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Using  a  single  shim  of  titanium  and  relying  on  alloy¬ 
ing  with  the  nickel  in  the  Kovar  appeared  to  be  the  most  satisfactory 
method  of  effecting  ceramic-to-Kovar  seals,  but  even  this  procedure 
did  not  eliminate  the  need  for  a  critically  precise  sealing  schedule. 

Reaction  of  the  titanium- nickel  sealing  alloy  with 
Type  430  stainless  steel  is  considerably  less  vigoious  than  with  Type 
304  stainless  steel,  probably  due  to  the  absence  of  nickel  and  the  re¬ 
sultant  low  melting  titanium- nickel  eutectic.  Figure  19  shows  that 
little  erosion  of  the  Type  430  washer  occurred.  Although  sealing  to 
Type  430  is  somewhat  less  difficult,  the  preparation  of  seals  to  both 
types  of  stainless  steel  requires  considerably  closer  temperature  con¬ 
trol  than  is  required  for  ceramic-to- ceramic  or  ceramic -to- titanium 
sealing. 


The  four  seals  shown  in  Figures  16,  17,  18,  and  19 
were  made  simultaneously,  and  thus  received  identical  time -temperature 
treatments.  Although  all  seals  except  the  one  to  Type  304  stainless  steel 
were  vacuum  tight,  the  sealing  schedule  which  was  used  was  not  neces¬ 
sarily  the  optimum  one  for  each  type. 

F.  Ceramic-to-Metal  Seals  Using  Titanium  "Buffer11  Washers 

In  order  to  minimize  Ti^Ni  formation,  by  keeping  the 
titanium- nickel  sealing  alloy  as  rich  in  titanium  as  possible,  seals  were 
prepared  using  a  titanium  "buffer"  washer  between  the  ceramic  and  the 
desired  structural  metal.  The  titanium  buffer  washers  as  well  as  the 
structural  seal  metal  washers  (tantalum,  Kovar,  Type  304  and  Type  430 
stainless  steel)  were  0.010-inch  thick.  Nickel  foil  washers  (0.0003-inch 
thick),  placed  on  either  side  of  the  titanium  buffer  washers  formed  a 
liquid  phase  at  the  942°C  eutectic  temperature  which  simultaneously 
effected  a  bond  to  the  ceramic  and  to  the  structural  metal  washer. 

Figures  20,  21,  22  and  23  show  photomicrographs  of 
polished  sections  of  portions  of  these  seals.  The  central  region  is  the 
titanium  buffer  washer,  the  ceramic-to-titanium  interface  appearing  at 
one  side  of  the  photomicrograph  and  the  titanium-to- structural  metal 
interface  appearing  at  the  other  side. 

The  seal  to  tantalum,  Figure  20,  shows  relatively 
little  erosion  of  the  tantalum  at  the  titanium-tantalum  interface.  Hard¬ 
ness  measurements  show  a  gradual  increase  in  hardness  from  172  KHN 
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at  the  center  of  the  tantalum  washer  to  323  KHN  at  the  center  of  the 
titanium  buffer  washer.  Such  seals  are  very  easily  and  reliably  made. 

Figure  21  shows  the  seal  to  Kovar.  The  titanium 
buffer  washer  has  been  partially  melted,  throughout  its  thickness,  due 
to  reaction  with  the  Kovar  supplying  nickel  (and  cobalt)  to  the  melt.  In 
this  case,  the  use  of  a  titanium  buffer  washer  is  totally  unsatisfactory. 

The  polished  section  of  the  seal  to  Type  304  stainless 
steel  is  shown  in  Figure  22  while  the  seal  to  Type  430  stainless  steel  is 
shown  in  Figure  23.  In  both  of  these  seals,  extensive  reaction  at  the 
titanium- structural  metal  interface  has  occurred,  resulting  in  the  form¬ 
ation  of  one  or  more  new  phase  layers  at  this  interface. 

G.  Ceramic-to-Cer amic  Seals  with  Nickel-Rich  Titanium- 
Nickel  Alloys 


A  limited  amount  of  effort  was  applied  to  the  prepar¬ 
ation  of  ceramic-to-ceramic  seals  by  forming,  in  situ,  nickel-rich 
titanium- nickel  alloys  of  specific  compositions,  using  titanium  and 
nickel  foil  washers  in  the  proportions  to  yield  the  desired  weight  per¬ 
cent  compositions.  The  reader  is  reminded  that  the  term  "nickel-rich,  " 
as  it  is  used  here,  refers  to  compositions  containing  nickel  in  amounts 
greater  than  the  lowest  melting  eutectic,  i.  e.  ,  greater  than  28.  5  w/' o 
Ni. 


Tb--!  seal  shown  in  Figure  24  was  made  with  an  alloy 
having  the  composition  65.8  w/ o  Ti,  34.2  w/ o  Mi.  As  would  be  pre¬ 
dicted  from  the  phase  diagram,  the  structure  is  predominately  Ti^Ni. 

Figure  25  shows  a  seal  made  with  the  composition 
49.0  w/ o  Ti,  51.0  w/ o  Ni.  Under  equilibrium  conditions  such  an  alloy 
should  contain,  at  room  temperature,  approximately  77  w/o  TiNi  and 
23  w/o  of  the  very  brittle  T^Ni.  The  phase  adjacent  to  the  ceramic, 
on  both  sides  of  the  seal,  is  Ti^Ni  and  can  be  seen  to  contain  many 
cracks.  The  bulk  of  the  alloy  layer  is  composed  of  TiNi  and  was  found 
to  have  a  hardness  of  677  KHN.  "Overbrazing1,  did  not  change  the  struc¬ 
ture  of  such  seals. 


The  seal  of  Figure  26  contains  an  alloy  having  the  com¬ 
position  39.  1  w/o  Ti,  60.9  w/o  Ni  and  should  contain,  under  equil¬ 
ibrium  conditions,  two  phases:  a  large  proportion  of  TiNi  and  a  lesser 
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amount  of  TiNi3.  However,  three  phases  appear  to  be  present  in  this 
seai,  one  of  which  comprises  the  layer  adjacent  to  the  ceramic  on  each 
sic  »he  seai,  is  optically  isotropic,  displays  a  few  cracks,  and  is 
bciieved  to  be  T^Ni.  The  matrix  is  TiNi,  is  isotropic,  and  has  a  hard¬ 
ness  of  677  KHN.  The  third  phase  occurs  as  particles  dispersed  in  the 
TiNi  and  sometimes  as  a  layer  adjacent  tc  the  T^Ni.  This  phase  is 
anisotropic  and  believed  to  be  TiNij.  " Overbr azing”  of  such  seals  re¬ 
duced  the  amount  of  non-equilibrium  T^Ni. 

Although  vacuum  tight,  high  strength,  seals  were  ob¬ 
tained  v/ith  many  compositions,  the  sealing  alloys  which  were  formed 
did  not  always  have  the  phase  composition  which  would  be  predicted 
from  the  equilibrium  aiagram  nor  were  reproducible  results  always  ob¬ 
tained  with  a  given  composition.  The  problem  is  believed  to  stem 
largely  from  the  use  of  foil  washers  which,  during  alloying,  permitted 
liquation. 


Since  homogeneous  melts  of  each  of  the  desired 
titanium- nickel  sealing  alloy  compositions  would  be  required  to  over¬ 
come  this  difficulty,  additional  effort  was  shelved  until  the  testing  of 
ceramic-to-nickel  seals  had  been  completed  and  the  high- temperature 
potentialities  of  high  nickel  content  phases  could  be  better  assessed. 

H.  Ceramic-to-Nickel  Seals 

Figures  27  and  28  show  polished  sections  of  seals 
which  were  made  to  0.010-inch  thick,  Grade  499,  nickel  washers  using 
thin  (0.  0005-inch)  titanium  foil  to  form  a  liquid  sealing  alloy. 

The  phase  diagram  indicates  that  the  first  liquid  to 
form  would  have  the  composition  of  the  lowest  melting  eutectic.  As  the 
temperature  is  raised,  the  melt  disolves  more  nickel  and  the  composi¬ 
tion  drifts  toward  the  composition  of  the  brittle  intermetallic  compound 
Ti^Ni. 


If  the  foregoing  process  were  terminated  after  the  melt 
had  dissolved  approximately  8  w/o  nickel,  the  alloy  would  contain,  upon 
cooling  to  room  temperature,  predominately  T^Ni. 

This  is  essentially  what  happens  when  a  seal  is  made 
to  a  thick  nickel  washer  at  a  low  temperature.  Figure  27  shows  the 
structure  of  a  seal  which  xeceived  the  same  time-temperature  treatment 
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as  is  normally  given  to  titanium- rich  alloy  seals  or  seals  to  titanium 
metal.  The  alloy  region  next  to  the  ceramic  is  predominately  T^Ni 
and  can  be  seen  to  contain  numerous  cracks.  Equilibrium  conditions 
are  not,  however,  attained  in  such  a  seal  because  of  the  "infinite"  sup¬ 
ply  of  nickel  in  contact  with  the  melt.  This  results  in  a  zone  of  TiNi, 
approximately  seven  microns  wide,  adjacent  to  the  T^Ni  layer.  Term¬ 
ination  of  the  cracks  at  the  surface  of  this  zone  suggests  that  the  layer 
is  ductile  as  does  the  microhardness  of  434  KHN.  A  third  layer  exists 
in  this  seal  but  is  not  readily  visible  in  the  photograph.  This  layer  of 
TiNi3,  approximately  three  microns  wide  and  lying  adjacent  to  the  TiNi 
layer,  is  optically  anisotropic,  and  is  readily  visible  under  polarized 
light  or  by  etching  with  a  nitric- acetic  acid  nickel  etch. 

Heating  a  similar  seal  to  a  maximum  temperature  of 
approximately  1280°C  results  in  the  structure  shown  in  Figure  28.  The 
light  colored  zone  between  the  nickel  and  the  ceramic  is  TiNij.  A  few 
unidentified  orange-colored  particles  appear  in  this  layer.  A  reaction 
zone  between  the  TiNi3  layer  and  the  nickel  is  evidenced  by  loss  of  the 
nickel  grain  boundaries  in  this  region.  Such  seals  are  very  strong, 
easily  prepared,  and  reliably  vacuum-tight. 

Sealing  to  nickel  in  such  a  manner  as  to  form  only  the 
"ductile"  phase  TiNi  was  not  achieved.  During  the  latter  part  of  the 
study,  after  more  precise  temperature  control  was  introduced  and  more 
pure  nickel  was  being  used,  it  was  found  possible  (by  holding  several 
minutes  at  1100°C)  to  make  seals  wherein  the  bulk  of  the  alloy  layer 
was  TiNi  and  only  a  very  small  amount  of  a  third  phase,  probably  T^Ni, 
could  be  seen  at  the  alloy- cer amic  interface.  A  narrow  band  of  TiNi3 
occurred,  as  would  be  expected,  at  the  TiNi-Ni  interface.  Such  seals, 
however,  were  not  always  vacuum  tight.  In  light  of  the  probably  reaction 
(for  which  evidence  will  be  presented  later)  of  any  intermediate  phases 
with  the  "infinite"  supply  of  nickel  during  life  testing  at  high  temper¬ 
ature  (particularly  at  900°C),  as  well  as  the  instability^  of  TiNi,  the 
value  of  attaining  such  a  ?al  is  questionable. 

Figure  29  is  a  photomicrograph  of  a  seal  which  was 
effected  at  a  temperature  of  13I5°C,  slightly  above  the  TiNij-Ni  eutectic. 
The  seal  consists  of  a  nickel  solid  solution  at  the  nickel-ceramic  inter¬ 
face.  Such  seals  are  very  sensitive  to  time-temperature  sealing  con¬ 
ditions - no  soak  at  the  peak  temperature  is  required  or  has  been  found 

desirable.  Although  seals  of  this  type  can  be  prepared  to  be  vacuum 
tight  and  may  offer  advantages  for  high-temperature  applications,  their 
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mechanical  strength  appears  to  be  reduced,  as  will  be  described  in  a 
later  section. 


Figure  30  snows  a  seal  which  was  heated  for  four  min¬ 
utes  at  1090°C  using  thermocouple  temperature  control.  The  structure 
is  similar  to  that  of  Figure  27,  that  is,  T^Ni  adjacent  to  the  ceramic, 
next  a  region  of  TiNi,  then  a  narrow  reaction  zone  of  TiNij,  and  finally 
the  nickel  washer.  The  interesting  thing  here  is  that  the  aforementioned 
orange-colored  particles  are  concentrated  in  the  TiNi-j  phase  layer  and 
a  crack  can  be  seen  to  be  propagating  (starting  at  the  edge  of  the  fillet) 
right  through  the  center  of  this  layer. 

When  the  seal  is  made  at  a  temperature  just  below  the 
1304  C  eutectic,  these  orange-colored  particles  will  be  found  in  the 
TiNij  layer  as  was  mentioned  in  connection  with  the  discussion  of  Figure 
28.  If  the  seal  is  made  at  a  temperature  above  the  1304°C  eutectic, 
these  particles  will  then  be  found  lying  adjacent  to  the  ceramic.  (See 
Figure  29.)  They  are  believed  to  be  formed  from  impurities  in  the 
nickel,  and  seals  very  recently  made  using  ultra-high  purity  nickel 
washers  do  not  show  any  of  these  particles, 

II.  High- Temperature  Life  Testing 
A.  General 


The  test  specimens  consisted  of  two  0.690-inch  dia¬ 
meter,  0.09  5-inch  wall,  0.200-inch  long  ceramic  rings  sealed  to  each 
other  or  to  either  side  of  a  metal  washer  having  the  same  inside  and 
outside  diameters.  In  most  instances,  the  test  specimens  had  been 
sealed  three  or  four  at  a  time  in  the  vacuum  bell  jar  shown  in  Figure  1. 

Life  testing  was  performed  at  two  temperatures,  7C0°C 
and  900  C,  and  a  variety  of  seal  types  were  used  in  order  to  study  the 
effect  of  sealing  alloy  composition,  seal  stress  (as  influenced  by  the  type 
of  seal  metal  used  and/or  the  use  of  ’’buffer"  washers),  ceramic  purity 
(pure  sintered  alumina  and  97  percent  alumina),  etc.  The  seals  were  therm¬ 
ally  cycled  to  room  temperature  at  the  end  of  each  240-hour  interval. 
They  were  not,  however,  always  leak  checked  at  the  end  of  each  240- 
hour  interval. 


Several  types  of  seal  specimens  were  life  tested.  Two 
of  the  specimen  types  were  of  cerarnic-to-ceramic  construction,  one 
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sealed  with  the  near-eutectic  composition  (71.8  w/o  Ti,  28.  2  w/ o  Ni), 
and  the  other  with  the  titanium-rich  composition  (76.  8  w/ o  Ti,  23.2  w/o 
Ni).  Another  type  of  specimen  which  was  used  was  of  ceramic-to-titan- 
ium  construction  wherein  the  seal  was  effected  through  the  use  of  a 
0.0003-inch  thick  nickel  foil  washer  on  either  side  of  the  0.010-inch 
thick  titanium  washer.  (When  a  ceramic -to -metal  seal  is  referred  to, 
it  is  to  be  understood  that  the  structural  metal  washer  was  sandwiched 
between  and  sealed  to  two  ceramic  specimens,  i.e.,  a  "compensated" 
butt  seal.)  Other  seal  systems  which  were  tested  included  specimens 
of  ceramic-to-tantalum  seals  made  with  the  titanium-rich  titanium  nickel 
alloy,  ceramic-to-tantalum  seals  made  with  thick  (0.010-inch  titanium 
"buffer"  washers  located  on  either  side  of  the  tantalum  washer,  as  well 
as  ceramic-to-Kovar,  ceramic-to-Type  304  stainless  steel  and  ceramic- 
to-Type  430  stainless  steel  made  with  titanium  "buffer"  washers.  Still 
other  specimens  included  ceramic-to-ceramic  seals  made  with  high 
nickel  content  titanium- nickel  alloys  and  cer amic-to-nickel  seals. 

At  the  end  of  the  first  240-hour  life  test  at  a  temper¬ 
ature  of  900  C,  it  was  clear  that  failure  of  titanium  phase-containing 
seals  was  due  to  hardening  and  embrittlement  of  the  seal  alloy.  It  was 
not  known,  however,  whether  the  embrittling  element,  probably  oxygen, 
was  being  introduced  through  continued  reaction  with  the  ceramic  at  the 
test  temperature  or  gettering  of  residual  gas  in  the  test  chamber.  In 
order  to  help  answer  this  question,  pieces  of  0.010-inch  thick  titanium, 
tantalum  and  columbium  washers  ("coupons")  were  exposed,  along  with 
the  seal  test  specimens,  with  hardness  measurements  being  made  on  each 
coupon  before  and  after  exposure.  Since  the  data  indicated  (Table  V,  Test 
No.  2)  that  the  titanium  coupons  were  being  hardened  significantly  by  such 
exposure,  additional  life  tests  were  conducted  wherein  the  test  specimens 
as  well  as  the  titanium  washers  for  hardness  determination  were  enclosed 
in  an  optically  opaque  wrapping  of  titanium  foil  before  being  placed  on  the 
molybdenum  boat  for  insertion  into  the  test  chamber.  It  was  assumed 
that  the  tiian  am  would,  through  its  gettering  ability  for  oxygen,  nitrogen, 
and  carbonaceous  materials,  provide  a  significantly  improved  atmo¬ 
spheric  environment  within  the  enclosure.  That  this  was  the  case  is 
shown  by  the  data  of  Table  V,  Tests  No.  3  and  No.  4  to  be  discussed 
later. 


Although  life  testing  under  conditions  to  be  encountered 
in  outer  space  could  be  better  simulated  through  the  use  of  a  well-trapped 
or  vac-ion  pumped  system,  it  may  be  difficult  to  provide  such  a  good 
environment  lor  a  thermionic  converter  during  testing  on  the  ground.  It 
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may  be  even  more  difficult  to  provide  a  suitably  pure  protective  atmo¬ 
sphere  for  converters  in  non- space  applications.  If  the  quality  of  a  seal 
would  be  rapidly  degraded  in  a  vacuum  of  10"^  to  10"^  Torr,  it  might 
place  severe  restrictions  on  the  applicability  of  seals  of  this  type. 


In  the  tables  and  discussion  to  follow,  the  samples 
which  were  enclosed  within  the  titanium  foil  wrapper  before  being  placed 
in  the  vacuum  test  chamber  are  designated  "wrapped"  while  those  which 
were  life  tested,  unwrapped,  in  the  same  or  another  test  chamber  are 
designated  "exposed." 

B.  Hardness  Testing  of  Exposed  and  Wrapped  Titanium, 
Tantalum,  and  Columbium  Coupons 

Microhardness  measurements  were  made  across  the 
thickness  of  the  0.010-inch  thick  washers  of  titanium,  tantalum,  and 
columbium,  which  had  been  included  with  the  ceramic-to-metal  seal  test 
specimens  during  life  testing  at  700°C  and  900  C.  Although  less  accurate 
than  other  hardness  measurements,  Knoop  hardness  at  a  10-gram  load 
was  chosen  in  order  to  permit  direct  comparison  with  the  hardness 
measurements  to  be  made  on  the  various  phases  contained  in  the  sealing 
alloys. 


Table  V  presents  the  Knoop  hardness  values  which  were 
obtained  on  wrapped  and  exposed  specimens,  and  the  values  are  repeated 
in  other  tables  where  their  availability  would  make  data  comparison  more 
convenient.  The  maximum  and  minimum  hardness  is  indicated  in  those 
cases  where  the  washer  varied  significantly  in  hardness  across  its 
thickness.  Five  different  tests  were  conducted.  In  Test  No.  3,  wrapped 
and  exposed  metal  specimens  were  contained  within  the  same  ceramic 
chamber  of  the  dual-chamber  life  test  equipment.  The  data  indicate 
that  the  titanium  foil  wrapping  material  improved  the  atmosphere  suffi¬ 
ciently  to  give  some  protection  even  to  the  exposed  specimens.  In  Test 
No.  6,  the  exposed  samples  were  tested  during  the  same  720  hours  as 
the  wrapped  samples,  but  the  two  groups  were  in  different  test  chambers 
attached  to  the  same  vacuum  manifold. 

The  minor  amount  of  hardening  experienced  by  the  ex¬ 
posed  specimens  of  titanium,  as  compared  with  those  of  Test  No.  5, 
suggest  that  the  presence  of  a  large  amount  of  titanium  foil  in  one  cham¬ 
ber  was  effective  in  improving  the  atmosphere  in  the  other  test  chamber. 
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Table  V  -  Knoop  Hardness  of  Titanium,  Tantalum,  and 
Columbium  Coupons 


Test 

No. 

Test  Conditions 

Knoop  Hardness  Number 
Titanium  Tantalum  Columbium 

1 

Before  testing 

189 

215 

138 

2 

240  hours  at  900°C,  exposed 

956-769 

260-210 

174-144 

3 

240  hours  at  900°C,  wrapped 

269 

137 

100 

240  hours  at  900°C,  exposed 
but  in  same  test  chamber 

329 

179 

125 

4 

240  hours  at  700°C,  exposed 

220 

150 

101 

5 

720  hours  at  700°C,  exposed 

500-400 

160-130 

- 

6 

720  hours  at  700°C,  wrapped 

207 

137 

no 

720  hours  at  700°C,  exposed 
in  different  test  chamber 

230 

156 

- 
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The  hardnesses  of  the  three  metals  "before  testing" 
was  determined  on  the  metals  "as  received,"  and  the  decrease  in  hard¬ 
ness  which  occurred  during  certain  tests  was  due  to  annealing. 

The  data  indicate  the  relative  sensitivity  of  the  three 
metals  -  titanium,  tantalum,  and  columbium  -  to  the  residuals  in  an  oil 
diffusion  pumped  vacuum  system  operating  at  a  pressure  in  the  range 
of  1  to  5  x  10"^  Torr. 

C.  900°C  Life  Tests 
1.  General 

The  first  life  test  was  conducted  at  a  temperature 
of  900  C  for  240  hours  and  included  specimens  as  shown  in  Table  VI. 
None  of  the  ceramic-to-ceramic  or  ceramic-to-titanium  seal  specimens 
were  leak  tight  at  the  end  ot  240  hours  of  exposure.  Most  of  the  ceramic 
to-nickel  seals  were  vacuum  tight  at  the  end  of  240  hours,  and  remained 
so  during  an  additional  670  hours  of  exposure,  as  will  be  discussed  in 
a  later  section. 


Changes  in  hardness  of  titanium,  tantalum,  and 
columbium  coupons  exposed  for  240  hours  at  900  C  indicated  that  the 
atmosphere  could  have  been  a  significant  source  of  embrittling  elements. 
These  figures,  shown  in  Table  V,  are  repeat  Jd  in  Table  VI. 

The  second  life  test  conducted  at  900 °C  also  con¬ 
tinued  for  a  period  of  240  hours  and  included  specimens  similar  to  those 
of  the  first  test.  In  this  test,  however,  one  group  of  specimens  was 
wrapped  in  titanium  foil  while  another  group,  contained  within  the  same 
test  chamber,  was  exposed  to  the  test  atmosphere.  Included  in  each  of 
these  groups  were  several  flexural  strength  test  specimens  as  well  as 
0.010-inch  thick  coupons  of  titanium,  tantalum,  and  columbium  for 
hardness  measurements.  Test  results  are  given  in  Tables  V  and  VII. 

As  in  the  first  test,  only  the  ceramic-to-nickel 
specimens  were  still  vacuum  tight  at  the  end  of  240  hours  of  exposure. 
Most  of  the  flexural  strength  test  specimens  were  so  weak  that  they  fell 
apart  during  leak  testing. 

Hardness  measurements  made  on  the  wrapped  and 
exposed  coupons  of  titanium,  tantalum,  and  columb  im  contained  within 
the  chamber  during  the  second  life  test  indicate  that  the  atmosphere 
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Table  VI  -  First  900°C  Life  Test 


Vacuum  Tight  Specimens  After  Indicated  Hours 
Seal  Type  Initially  240  480  670  710 

Ceramic -to- Ceramic 
(71.  8  w/o  Ti,  28.  2  w/o  Ni) 

a„  A-923  ceramic  5  0 

b.  A-976  ceramic  5  0 


Ceramic -to -Ceramic 
(76.  8  w/o  Ti,  23.  2  w/o  Ni) 


a.  A-923  ceramic 

b.  A-976  ceramic 

5 

5 

0 

0 

Ceramic -to  -  Titanium 

a.  A-976  ceramic 

5 

0 

Ceramic -to -Nickel 

a.  A-923  ceramic 

9 

7 

Titanium  Coupon** 

189  KHN 

956-769 

KHN 

Tantalum  Coupon** 

215  KHN 

260-210 

KHN 

iji 

Columbium  Coupon 

1  38  KHN 

174-144 

KHN 

*One  vacuum  tight  specimen  removed  for  analysis  at  480  hours. 

The  titanium,  tantalum,  and  columbiuin  coupons  for  hardness  measure 
ment  were  exposed  under  the  same  conditions  as  the  seal  specimens, 
i.e.,  240  hours  at  900°C,  but  in  a  separate  experiment. 
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Table  VII  -  Second  900°C  Life  Test 

Vacuum  Tight  Specimen!  After  Indicated  Houri 


Seal  Type 

Initially 

240 

Ceramic  -vO-Ceramu 
(76.8  w/o  Ti,  23  2  w/o  Nij 
a.  A-  723  ceramic,  exposed 

3 

0 

b.  A-92)  ceramic,  wrapped* 

3 

0 

c.  A-976  ceramic,  wrapped* 

3 

0 

Ceramic- to-Ceramic  Flexural 

Strength  Test  Specimens 
(76.8  w  /  o  T l ,  23.2  w  /  o  Ni) 
a.  A-923  ■  '  ramie,  exposed 

4 

0 

b.  A-°?3  cer  .me,  wrapped7* 

4 

0 

Ceramic-to  -  Titanium 

a.  A-92  3  cer  .rruc,  exposed 

3 

0 

b.  A-92 3  ceramic,  wrapped* 

3 

0 

c.  A-976  ceramic,  wrapped 

3 

0 

Ceramic-to- Titanium  Flexural 

Strength  Test  Specimens 

a.  A-923  ceramic,  wrapped* 

4 

0 

b.  A-923  ceramic,  exposed 

4 

0 

Ceramic -to- Taut  alum 
(76.  8w/'oTi,  23.  twoNi) 


a. 

A-923  ceramic, 

* 

wrapped 

2 

0 

b. 

A-976  ceramic, 

wrapped  ^ 

4 

0 

Ceramic-to- Nickel 

a. 

A-923  ceramic, 

w  rapped* 

3 

3 

Titanium  Coupon 

189  KHN 

a. 

Wrapped 

- 

269  KHN 

b. 

Exposed 

- 

329  KHN 

Tantalum  Coupon 

215  KHN 

a. 

Wrapped 

- 

1  37  KHN 

b. 

Exposed 

- 

179  KHN 

Columbium  Coupon 

1  38  KHN 

a. 

Wrapped 

- 

100  KHN 

b 

Exposed 

1 25  KHN 

• 

A-97 1  and  A-923  specimens  were 

in  separate  titanium 

wrappings. 
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must  have  been  quite  low  in  embrittling  elements.  This  is  shown  in 
Table  V,  Test  No.  3,  as  well  as  in  Table  VII. 

A  few  comments  about  each  type  of  specimen  tested, 
the  results  obtained,  and  pertinent  observations  concerning  the  micro¬ 
structure  and  hardness  of  the  sealing  alloy  and  seal  metals  after  testing 
are  contained  in  the  following  sections.  The  discussions  will  be  devoted 
primarily  to  specimens  of  the  second  life  test  since  this  test  was  con¬ 
ducted  under  the  more  favorable  vacuum  conditions. 

2.  Ceramic -to- Titanium  Seals 

Nine  specimens  were  included  in  the  second  life 
test,  six  wrapped  and  three  exposed.  All  samples  were,  however,  in 
the  same  test  chamber,  and  all  nine  were  leakers  at  the  end  of  the  test. 
Figure  31  is  a  photomicrograph  of  a  polished  section  of  one  of  the  seals 
which  had  been  wrapped  in  titanium.  The  microhardness  of  the  alpha 
titanium  region  near  the  center  of  the  alloy  layer  was  988  KHN.  By 
comparison,  the  hardness  of  the  central  alpha  titanium  region  of  one 
seal  (exposed)  from  the  first  life  test  at  900°C  was  1057  KHN.  Large 
regions  of  T^Ni  formed  near  the  center  of  the  washer  during  life  testing 
and  specimens  from  both  life  tests  appeared  similar. 

Coupons  of  titanium,  tantalum,  and  columbium, 
both  wrapped  and  exposed,  had  hardnesses  as  shown  in  Table  V,  Test 
No.  3  and  repeated  in  Table  VII.  These  data  show  that  the  tantalum  and 
columbium  hctd  lower  hardnesses  after  240  hours  at  900  C  than  they  did 
before  life  testing.  This  decrease  is  primarily  due  to  annealing  since 
the  materials  were  initially  measured  in  the  "as  roll  "  condition.  It 
should  also  be  noticed  that  the  metal  samples  which  were  exposed  to  the 
test  atmosphere,  but  were  contained  within  the  same  test  chamber  as 
the  wrapped  samples,  had  the  same  hardnesses,  indicating  that  the  en¬ 
vironment  throughout  the  test  chamber  was  quite  good.  By  comparison, 
coupons  which  had  been  exposed  to  the  test  atmosphere  during  the  first 
life  test  increased  substantially  in  hardness,  as  shown  by  Test  No.  2  of 
Table  V.  Titanium,  with  its  greater  gettering  ability  was  hardened  to 
956  KHN,  while  the  tantalum  and  columbium  had  maximum  hardnesses  of 
260  and  174,  respectively.  Thus,  it  is  obvious  that  wrapping  the  ceramic 
seal  specimens  in  titanium  foil  for  the  second  life  test  provided  protection 
from  er  brittling  contaminants  in  the  test  atmosphere.  Therefore,  the 
severe  hardening  which  occurred  in  those  seal  samples  (of  the  second 
life  test)  containing  a  titanium  phase  was  due  primarily  to  continued 
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reaction  of  the  sealing  alloy  with  the  ceramic.  The  four  wrapped  and 
four  exposed  flexural  strength  test  specimens  of  the  second  life  test  had 
been  so  severely  damaged  by  continued  reaction  that  they  fell  apart  upon 
removal  from  the  test  chamber  or  during  lead  checking. 

3.  Ceramic- Titanium  "Reaction"  Specimens 

In  a  separate  experiment,  a  0.010-inch  thick  washer 
of  titanium  was  merely  "sandwiched"  (without  bonding)  between  two  cer¬ 
amic  rings;  this  sandwich  being  wrapped  in  titanium  foil  to  provide  addi¬ 
tional  protection  in  the  vacuum  life  test  chamber.  Two  such  sandwiches 
were  prepared,  one  using  rings  of  the  pure  sintered  alumina  body  A-976, 
and  the  other  using  the  97  percent  alumina  body  A-923.  These  wrapped 
sandwich  specimens  were  then  heated  for  240  hours  at  900  C. 

Upon  unwrapping  the  specimens  at  the  end  of  the 
test,  it  was  found  that  the  inner  titanium  foil  wrapping  was  quite  ductile 
except  where  it  had  been  in  contact  with  the  ceramic,  as  had  been  pre¬ 
viously  observed  with  other  wrapped  specimens  from  the  second  life 
test. 


Figure  32  is  a  photomicrograph  of  a  polished  sec¬ 
tion  of  the  titanium-ceramic  (A-976)  sandwich  at  the  end  of  240  hours  at 
900  C.  Extensive  reaction  can  be  seen  to  have  occurred  at  the  titanium- 
ceramic  interface  resulting  in  a  phase  layer  approximately  25  microns 
wide  located  adjacent  to  the  ceramic.  This  layer  is  fine  grained,  aniso¬ 
tropic,  and  p  ’•lie1.  ^ne  or  more  additional  abases.  Exten¬ 

sive  grain  growth  occurred  throughout  the  remainder  of  the  titanium 
washer,  and  the  alpha  titanium  grains,  in  many  places,  occupy  the  en¬ 
tire  width  of  the  washer.  The  hardness  of  these  grains  averaged  806 
Knoop.  The  bond  between  the  titanium  and  ceramic  appeared  to  be  quite 
strong  and  did  not  separate  even  during  preparation  of  the  metallographic 
section. 


A  virtually  identical  result  was  obtained  with  the 
titanium-97  percent  alumina  ceramic  sandwich  specimen  except,  in 
this  case,  failure  occurred  at  the  titanium- ceramic  interface  during 
mounting  of  the  specimen.  The  microstructure  and  hardness  of  the 
several  phases  were,  however,  the  same.  Hardness  of  the  central  alpha 
titanium  region  was  846  KHN. 

Th ’s,  this  experiment  indicates  that  extensive  re¬ 
action  will  occur  between  titamunn  and  aluminum  oxide  when  merely 
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placed  in  intimate  contact  at  a  temperature  of  900°C,  leading  to  severe 
hardening  and  embrittlement  of  the  titanium.  Similar  hardening  of  any 
sealing  alloy  which  contains  a  titanium  phase  (a  or  /3  solid  solution)  in 
contact  with  the  ceramic  would  be  expected. 

4.  Formation  of  Conducting  Films  on  Ceramic 
Surfaces 

It  was  noted  that  the  seal  specimens,  as  well  as  the 
just  discussed  "reaction"  specimens,  which  had  been  wrapped  in  titanium 
foil  and  heated  for  240  hours  at  900  C  were  covered  with  a  golden-brown, 
conducting  metallic  deposit  suggestive  of  TiO.  Where  the  ceramic  had 
contacted  the  titanium  foil,  reaction  had  occurred  to  such  an  extent  that 
an  intimate  bond  to  the  foil  had  been  effected,  and  when  the  ceramic  was 
removed,  a  ring  of  foil  came  with  it.  The  remaining  foil  was,  however, 
still  ductile. 


Thinking  that  the  deposit  may  have  been  one  of  the 
products  of  the  reaction  which  had  occurred  at  the  specimen-foil  inter¬ 
face,  an  experiment  was  conducted  wherein  ceramic  specimens  were 
placed  in  small  boats  made  of  molybdenum  foil  and  merely  covered  with 
a  titanium  foil  cover  (not  in  contact  with  the  ceramic).  Both  the  A-923 
and  A-976  types  of  ceramics  were  used.  The  specimens  were  heated 
for  240  hours  at  900  C.  At  the  end  of  the  test,  both  types  of  ceramic 
were  found  to  be  covered  with  the  same  type  of  deposit.  The  molyb¬ 
denum  foil  directly  underneath  each  specimen  was,  however,  clean. 
Another  test  cell  covered  with  a  piece  of  titanium  foil  which  had  been 
previously  vacuum  fired  showed  the  same  type  of  deposit. 

Spectrograpbic  analysis  of  the  deposit  on  both  the 
ceramic  surface  and  molybdenum  boat  showed  the  deposit  to  be  pre¬ 
dominately  titanium.  X-ray  diffraction  analysis  of  the  deposit  on  the 
molybdenum  boat  was  quite  inconclusive  but  several  lines  matching  those 
of  T^O  were  indexed. 


The  data  indicate  that.although  extensive  reaction 
occurs  between  an  alumina  ceramic  and  titanium  when  placed  in  contact 
for  240  hours  at  900  C,  contact  is  not  necessary  to  cause  the  observed 
metallic  deposit.  That  the  deposit  is  not  due  merely  to  sublimation  of 
volatile  impurities  from  the  titanium  is  indicated  by  the  finding  that  the 
deposit  consisted  only  of  titanium  as  well  as  the  fact  that  prior  vacuum 
firing  of  the  titanium  did  not  prevent  the  deposit.  Life  tests  which  were 
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conducted  with  wrapped  specimens  of  A-923  and  A-976  ceramics  for 
720  hours  at  700°C  showed  the  same,  although  somewhat  thinner,  golden 
colored  deposits.  In  light  of  the  extremely  low  vapor  pressure  of  titan¬ 
ium  at  700  C,  it  seems  improbable  that  the  observed  deposit  could  re¬ 
sult  from  mere  sublimation  of  titanium. 

Although  an  explanation  for  this  phenomenon  can¬ 
not  be  offered,  it  has  been  suggested  to  the  writer  that  gases  evolved 
from  the  ceramic  may  enter  into  a  type  of  reaction  similar  to  the  "water 
cycle"  which  is  observed  with  tungsten. 

5.  Ceramic-to- Tantalum  Seals 

Six  specimens  of  ceramic-to-tantalum  seals  made 
with  the  titanium-rich  titanium- nickel  sealing  alloy  (76.8  w/o  Ti,  23.2 
w/o  Ni)  were  tested,  wrapped,  and  all  six  were  leakers  at  the  end  of 
the  test. 


6.  Ceramic-to-Ceramic  Seals 

Nine  specimens  of  ceramic-to-ceramic  seals  made 
with  the  76.8  w/o  Ti,  23.2  w/o  Ni  alloy  were  tested  in  the  secondlife  test. 
Six  were  wrapped  and  three  were  exposed,  but  all  were  contained  within 
the  same  test  chamber.  All  nine  were  leakers  at  the  end  of  the  test. 
Wrapped  specimens  of  seals  to  both  types  of  ceramics  (A-976  and  A-923) 
had  structures  and  hardnesses  similar  to  seals  from  the  first  life  test. 
Photomicrographs  of  one  of  these  seals  are  shown  before  testing  in 
pigu*''  33  and  after  testing  in  Figure  34. 

7.  Ceramic -to-Nickel  Seals 

A  group  of  nine  ceramic-to- nickel  specimens  was 
included  in  the  first  life  test  at  900  C.  At  the  end  of  480  hours  of  testing, 
exposed,  at  a  temperature  of  900°C,  seven  of  these  specimens  were  still 
vacuum  tight.  One  of  the  vacuum  tight  specimens  was  removed  for  sec¬ 
tioning  and  the  others  were  returned  to  the  chamber  for  additional  testing. 
During  an  additional  190  hours,  no  additional  failures  occurred. 

Failure  of  one  of  the  specimens  was  not  unexpected 
since  it  had  been  sealed  at  too  low  a  temperature  to  properly  form  the 
desired  phase,  TiNij,  at  the  interface.  The  cause  of  failure  of  the 
other  specimen  is  unknown. 
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A  photomicrograph  of  the  interface  in  the  vacuum 
tight  specimen  removed  from  test  at  480  hours  is  shown  in  Figure  35. 

It  is  significant  that  the  TiNi3  phase  layer  at  the  ceramic- nickel  inter¬ 
face  has  been  reduced  in  thickness  and,  in  many  places  along  the  length 
of  the  seal,  has  disappeared  completely.  Apparently  the  TiNi-^  phase 
continues  to  react  with  the  virtually  infinite  supply  of  nickel  forming  a 
nickel  solid  solution.  A  layer  of  the  aforementioned  unidentified  orange- 
colored  particles  can  be  seen.  In  some  regions  these  particles  are  con¬ 
tained  within  the  TiNi^  phase  layer  while  in  other  areas,  solutioning  of 
the  TiNij  phase  has  left  the  orange  particles  in  the  nickel  solid  solution. 
In  a  ceramic-to- nickel  seal  before  heat  treatment,  these  particles  are 
always  contained  within  the  TiNi^  layer  (as  shown  in  Figure  27). 

Hardness  increased  slightly  from  132  KHN  in  the 
center  of  the  nickel  washer  to  214  KHN  near  the  TiNi^  phase.  Several 
measurements  in  the  TiNi^  phase  gave  readings  ranging  from  600  to  769 
Knoop: 


Curvature  of  the  advancing  phase  boundary  of  the 
nickel  solid  solution  can  be  seen;  the  boundary  being  "pinned"  in  places 
by  the  orange-colored  particles. 

D.  700°C  Life  Tests 

1.  General 


The  first  life  test  at  700°C,  conducted  with  various 
types  of  seals  exposed  to  a  vacuum  of  1  x  10”  ^  Torr,  was  terminated  at 
the  end  of  2830  hours  with  all  seals  being  leakers.  Failure  of  the  several 
types  of  seals  occurred  at  various  times  and  will  be  discussed  in  the  sec¬ 
tions  to  follow. 


Although  this  test,  the  results  for  which  are  given 
in  Table  VIII,  included  a  variety  of  different  types  of  seals,  five  seal 
types  are  most  important.  They  include  ceramic-to- ceramic  seals 
effected  through  the  use  of  the  titanium- nickel  alloy  of  near-eutectic 
composition  (7 1 .  8  w/  o  Ti,  28.2w/oNi),  ceramic-to-ceramic  seals 
made  with  a  titanium- rich  titanium- nickel  alloy  (76.8  w/ o  Ti,  23.2  w/ o 
Ni),  ceramic-to-tantalum  seals  made  with  the  titanium- rich  titanium- 
nickel  alloy  (76.8  w/ o  Ti,  23.2  w/o  Ni),  ceramic-to-titanium  seals,  and 
ceramic-to- nickel  seals.  Twelve  ceramic-to-c^ramic  seal  specimens 
were  made  using  the  pure,  sintered  alumina  ceramic  (A-976)  of  nearly 
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Unless  otherwise  indicated,  the  seal  specimens  were  prepared  using  A-923  alumina  ceramic 


theoretical  density  while  the  other  12  ceramic-to-ceramic  seals  were 
made  using  the  97  percent  alumina  ceramic  (A-923).  All  of  the  seals  to 
titanium  were  made  using  the  A-976  ceramic,  while  the  seals  to  tant¬ 
alum  and  nickel  used  the  A-923  ceramic.  Most  of  these  ^9  seals  were 
still  leak  tight  at  the  end  of  240  hours  of  exposure. 

After  480  hours,  only  1  5  of  the  original  24  ceramic- 
to-ceramic  seals  were  still  leak  tight,  although  all  of  the  other  types 
were  still  intact.  At  the  end  of  1680  hours,  none  of  the  ceramic-to- 
ceramic  types  were  leak  tight.  The  ceramic -to -titanium  seals  were 
still  all  leak  tight  after  1920  hours  of  exposure  but  were  all  leakers 
when  tested  again  at  the  end  of  2830  hours  of  exposure. 

Data  on  four  other  types  of  seals  which  were  life 
tested  along  with  the  aforementioned  seals  are  presented  in  Table  VIII. 

All  were  of  the  titanium  "buffer"  washer  type,  that  is,  they  consisted 
of  ceramic-to-titanium-to-metal-to-titanium-to-ceramic  wherein  the 
seal  metal  was  either  tantalum,  Kovar,  Type  304  or  Type  430  stainless 
steel.  The  data  show  that  the  "buffered"  seals  to  Type  304  stainless 
steel  were  the  first  to  fail  at  only  480  hours  of  exposure.  The  seals  to 
Kovar  were  the  next  to  fail.  The  buffered  seals  to  tantalum  and  Type 
430  stainless  steel  were  leak  tight  when  tested  at  1630  hours,  but  had 
all  failed  when  tested  again  after  2350  hours. 

Included  with  tne  test  specimens  were  coupons  of 
titanium,  tantalum,  and  columbium  for  hardness  measurements.  Micro¬ 
hardness  .c.-inijj  the  »-nd  of  240  hours  of  exposure  showed  a  very  slight 
increase  in  the  hardness  of  the  titanium  but  a  decrease  in  the  hardness 
of  the  tantalum  and  columbium  (Table  V).  Additional  samples  which 
were  exposed  for  720  hours  still  showed  a  decrease  in  the  hardness  of 
the  tantalum  (from  215  to  147  KHN)  but  the  hardness  of  the  titanium  had 
increased  from  189  KHN  to  more  than  400  KHN.  It  appears  that  although 
the  atmosphere  is  good  enough  to  prevent  hardening  of  tantalum  and  col¬ 
umbium  at  this  temperature,  it  is  not  adequate  for  titanium  over  long 
periods  of  time.  Thus,  it  is  possible  that  a  portion  of  the  embrittlement 
of  the  test  seals  was  due  to  gettering  of  residuals  in  the  test  uiamber  by 
the  titanium-nickel  sealing  alloy  or  the  titanium  seal  metal. 

The  second  life  test  at  700°C  was  conducted  using 
seal  specimens  wrapped  in  titanium  foil  in  an  attempt  to  determine  to 
what  extent  gettering  of  residuals  in  the  test  chamber  had  contributed 
to  the  embrittlement  and  consequent  failure  of  the  seals  in  the  first  test. 
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This  test  was  of  720  hours  duration  and,  as  with  all  other  tests,  included 
cycling  to  room  temperature  at  240-hour  intervals.  Specimens  of  titan¬ 
ium,  tantalum,  and  columbium  for  hardness  measurements  were  wrapped 
with  the  seal  specimens.  The  test  results  are  presented  in  Tables  V  and 
IX. 


The  microhardness  data  included  in  Tables  V  and 
IX  show  that  the  test  environment  could  not  have  contributed  to  any  ob¬ 
served  hardening  of  the  seal  metals  or  sealing  alloys  of  the  specimens 
in  the  second  life  test. 

2.  Ceramic-to-Ceramic  Seals 

The  ceramic-to-ceramic  specimens  sealed  with 
either  eutectic  or  titanium- rich  titanium- nickel  alloys  were  the  first  to 
fail  in  both  the  first  and  second  life  tests.  The  slightly  better  perform¬ 
ance  of  the  flexural  strength  specimens  was  probably  due  to  their 
smaller  diameter  and  greater  wall  thickness,  resulting  in  a  more  favor¬ 
able  stress  situation  and  longer  leak  path. 

Figure  33  is  a  photomicrographof  an  A-976  ceramic- 
to-ceramic  seal  before  life  testing.  A  photomicrograph  of  a  portion  of 
the  same  seal  after  1680  hours  of  exposure  at  700  C  in  the  first  life  test 
is  shown  in  Figure  36.  The  hardness  of  the  alpha  titanium  layer  adjacent 
to  the  ceramic  was  1022  KHN.  Both  the  A-976  and  the  A-923  ceramic- 
to-ceramic  seals  of  the  second  lift  tc  t  cLo.ved  similar  changes  in  struc¬ 
ture  occurring  after  only  720  hours  of  testing. 

3.  Ceramic-to-Titaniuin  Seals 

Figure  37  shows  a  polished  section  of  one  of  the 
A-976  seals  from  the  first  700°C  life  test  after  1920  hours  of  exposure. 
The  hardness  of  the  titanium  adjacent  to  the  ceramic  is  726  KHN  while 
near  the  center  of  the  0,010-inch  thick  washer  it  is  632  KHN.  Before 
heat  treatment,  these  points  had  hardnesses  of  approximately  540  and 
280  KHN,  respectively,  and  the  structure  shown  in  Figure  13. 

Figure  38  shows  a  section  from  a  similar  seal 
(A-976  ceramic)  after  720  hours  at  700  C  ir.  the  second  life  test,  i.e.  , 
wrapped  in  titanium  foil.  The  appearance  of  this  seal  before  testing  is 
shown  in  Figure  39.  It  can  be  seen  that  a  reaction  cone  has  formed  in 
the  titanium  at  the  titanium-ceramic  interface  during  life  testing.  This 


Table  IX  -  Second  700  C  Life  Test 


Seal  Type 

Ceramic -to- Ceramic 
(76.8  w/o  Ti,  23.2  w/o  Ni) 

a.  A-923  ceramic 

b.  A-976  ceramic 

Ceramic-to-Ceramic  Flexural 
Strength  Test  Specimens 
(76.  8  w/o  Ti,  23.2  w/o  Ni) 
a.  A-923  ceramic 

Ceramic -to -Titanium 

a.  A-923  ceramic 

b,  A-976  ceramic 

Ceramic- to- Titanium  Flexural 
Strength  Test  Specimens 
a.  A-923  ceramic 

Ceramic-to-  Tantalum 
(76.  8  w/o  Ti,  23.  2  w/o  Ni) 

a.  A-923  ct  ramie 

b.  A-976  ceramic 

Ceramic  -  to-  N  ckel 

a,  A-923  ceramic 

b.  A-976  ceramic 


Vacuum  Tight  Specimens 
Initially  After  720  Hours 


Titanium  Coupon 


18d  KHN 


207  KHN 


Tantalum  Coupon 


215  KHN 


137  KHN 


Coiumbium  Coupon 


1  38  KHN 


110  KHN 
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new  phase  layer  develops  m  seals  to  A-92  3  as  well  a-  A-97o  ceramic 
and  in  exposed  as  well  as  wrapped  specimens.  The  thickness  of  the 
layer  appears  to  be  related  to  the  length  of  time  at  temperature,  i.e., 
to  the  amount  of  reaction  which,  has  occurred  with  the  ceramic. 


Figure  40  presents  a  section  of  a  se<  1  to  the  A-923 
ceramic  which  was  tested,  wrapped,  along  with  the  seal  shown  in  Figure 
38.  The  only  difference  between  these  two  seals  is  the  type  of  ceramic 
which  was  used.  The  only  significant  difference  in  the  structure  after 
720  hours  of  testing  at  700  C  is  a  very  slightly  wider  "new  phase  layer" 
at  the  interface  of  the  seal  to  A-923  and  slightiy  greater  hardening  of 
the  titanium  washer.  Whether  either  of  these  observations  is  significant 
is  questionable  since  the  seals  before  testing  looked  identical  (Figure  39), 
but  the  titanium  in  the  seal  to  the  A-923  ceramic  was  slightly  harder 
indicating  that  it  may  have  received  a  slightly  more  severe  time-temper¬ 
ature  treatment  during  sealing.  The  Knoop  hardness  values  of  several 
points  across  the  washer  of  both  the  A-923  and  A-976  seals  are  indicated 
on  the  photomic  rograph  of  trie  A-976  seal.  Figure  39. 

4.  Ceramic-to-Nickel  Seals 


Figure  41  is  a  photomicrograph  of  one  of  tne  cer¬ 
amic  -  to- nickel  seals  whicn  was  a  leaker  alter  beirg  exposed  tor‘  1200 
hours  at  700  C  in  the  first  life  test.  In  c  ontrast  with  tne  "  solutioning" 
of  the  TiNij  phase  layer  which  occurs  when  life  tested  at  900  C,  no 
change  in  structure  or  thickness  of  this  layer  occurred.  A  few  small 
cracks  through  the  TiN:  ^  layer  were  observed,  however,  as  shown  in 
the  photomicrograph.  It  is  believed  th.it  these  cracks  constitute  the  leak 
path  through  such  seals  and  are  probably  the  result  ot  the  thermal  expan¬ 
sion  mismatch  between  the  U.  C  1C -inch  thick  nickel  washer,  the  0.0008- 
mch  thick  TiNij  phase  layer,  and  the  alumina  ceramic. 


Table  IX  shows  that  the  ct  r  aim  c  -  to- r  icke  i  seals 
from  the  second  life  test  were  ait  still  vacuum  tight  after  '20  hours  of 
testing.  It  should  be  noted  that  the  group  includes  seals  to  both  types 
of  cer  amic,  bodies  A  l,2  >  and  A  -'>76.  Only  additional  life  testing  will 
sh»\v  whether  these  seats  will  develop  leaks,  as  did  the  seals  h'um  the 
first  life  test  alter  1200  hour*. 


Hie  olise rved  c  racks  in  the  TiNi^  Lave,  as  well  as 
its  hardness;  suggest  that  the  thickness  ot  this  layer  should  •  held  to  a 
minimum  or  even  eliminated.  Some  seals  have'  been  mad*'  weier  conditions 
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of  time  and  temperature  which  preclude  TiNi3  formation  in  favor  of  the 
nickel  solid  solution.  Although  the  sealing  schedule  for  such  seals  is 
somewhat  more  critical  and  the  strength  appears  lower,  as  will  be  dis¬ 
cussed  in  a  later  section,  such  seals  warrant  further  study  and  life 
testing . 


5.  Ceramic-to-Tantalum  Seals 

The  cer amic-to-tantalum  seals  of  the  first  life  test 
had  surprisingly  long  lives  as  compared  with  the  ceramic-to-ceramic 
specimens  sealed  with  the  same  alloy,  the  titanium-rich  titanium- nickel 
composition.  Figure  42  shows  the  structure  of  one  of  these  seals  before 
life  testing,  while  Figure  43  shows  the  microstructure  after  2350  hours 
at  700°C. 


Prior  to  sectioning  of  the  life  tested  seal,  it  was 
thought  that  the  improved  life  might  be  due  to  the  capability  of  tantalum 
to  getter  oxygen  and  to  act  as  a  "sink"  for  the  products  of  reaction  of 
the  sealing  alloy  with  the  ceramic.  That  this  is  not  the  case  is  shown 
by  microhardness  measurements  at  seven  places  across  the  thickness 
of  the  washer,  yielding  Knoop  values  ranging  from  105  to  117.  Although 
the  reason  for  the  improved  life  is  still  obscure  and  may  be  related  to 
factors  such  as  location  of  the  T^Ni  layer  with  respect  to  the  interface, 
the  thermal  expansions  and  ductilities  of  the  several  phases,  etc.,  one 

thing  is  obvious - there  is  only  one  sealing  alloy  -  cer  amic  interface 

from  which  hardening  elements  can  be  derived! 

Seals  of  this  type  have  been  used  in  cesium  vapor 
thermionic  converters  operating  with  a  seal  temperature  of  about  600  C 
for  several  thousand  hours  without  failure.  However,  very  few  cycles 
to  room  temperature  were  performed.  Although  such  seals  do  not  show, 
during  life  testing,  any  changes  occurring  in  the  sealing  alloy  near  the 
interface,  a  few  small  cracks  have  been  observed.  It  is  believed  that 
use  of  thin  titanium  "buffer"  washers  would  provide  a  margin  of  safety 
to  such  seals  operating  at  this  temperature,  particularly  if  repeated 
thermal  cycling  is  planned. 

6.  Ceramic-to-Metal  Seals  Using  Titanium  "Buffer" 

Washers 

Figures  44,  45, and  46  show  ceramic-to-metal 
seals  employing  titanium  "buffer"  washers  which  were  exposed  for  1200 
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hours  at  700°C  in  the  first  700°C  life  test.  The  same  seals,  before 
life  testing,  are  shown  in  Figures  21,  22,  and  23.  These  photomicro¬ 
graphs  are  presented  merely  to  show  the  extreme  brittleness  of  the 
alloys  or  intermetallic  compounds  which  areformed  in  such  seals  at  the 
titanium- metal  interface.  Failure  at  this  interface  is  apparent  in  the 
seals  shown  in  Figures  45  and  46. 

E.  Discussion  of  Life  Tests  Results 


The  accumulated  data  make  it  clear  that  any  sealing 
alloys  which  contain  a  titanium  phase  { a  or  solid  solution)  are  not  suit¬ 
able  for  sealing  to  alumina  ceramics  when  the  intended  operating  tem¬ 
perature  of  the  resulting  seal  approaches  900°C.  Failure  occurs  through 
loss  of  hermeticity  or,  in  moi  severe  cases,  physical  separation  of  the 
component  parts.  Tn»,  reason  U  r  failure  stems  from  continued  reaction 
of  the  sealing  alley  with  the  cerai  ic,  resulting  in  severe  hardening  and 
embrittlement  of  the  titanium  phase  and/or  the  formation  of  new  phases 
at  the  interlace.  Severe  embr  ttlement  alone  would  not  necessarily  lead 
to  failure- - -’t  is  the  stresses  which  are  developed  in  the  alloy  or  at  the 
interface,  due  thermal  expansion  mismatch,  which  actually  initiate 
the  failure  cracks.  Other  factors,  such  as  phase  changes  and  thermal 
expansion  anisotropy,  can  contribute  to  these  stresses. 

Se  lling  alloys  and  procedures  which  minimize  the 
formation  of  the  hard  and  brittle  intermetallic  compounds,  such  as  T^Ni, 
are  generally  desirable.  This  does  not,  however,  enable  a  seal  to  endure 
900  C  exposure,  since  it  is  the  titanium  phase  in  such  seals  which  suffers 
the  embrittlement  caused  by  oxygen  contamination. 

At  a  temperature  of  900°C,  reaction  with  the  ceramic 
is  so  rapid  and  the  resulting  embrittlement  so  severe  that,  at  the  end 
of  240  hours  of  exposure  of  a  titanium  phase- containing  seal,  ar.y  effect 
of  ceramic  composition  and/or  gettering  of  residuals  in  the  test  chamber 
is  completely  masked.  In  the  experiment  wherein  a  ceramic  ring  was 
merely  placed  in  contact  with  a  titanium  washer  at  a  temperature  of 
900  C,  embrittlement  of  the  washer  was  equally  as  severe  with,  the  pure 
sintered  alumina  (A-976)  as  with  the  97  percent  alumina  body  (A-923)  at 
the  end  of  the  240-hour  test. 

At  a  test  temperature  of  700°C,  the  life  of  the  various 
types  of  seals  is  related  to  the  rate  of  hardening  of  the  sealing  alloy. 
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Hardening  results  from  both  continued  reaction  of  the  active  alloy  with 
the  ceramic  as  well  as  gettering  of  residuals  in  the  test  atmosphere. 

The  fact  that  the  tantalum  washer  in  the  ceramic-to-tantalum  seal  dis¬ 
cussed  in  the  previous  section  was  not  hardened  after  2350  hours  of 
exposure  to  a  temperature  of  700  C,  while  a  tantalum  coupon  exposed 
for  720  hours  at  the  same  temperature  showed  slight  hardening,  sug¬ 
gests  that  gettering  may  not  be  as  significant  a  source  of  embrittle¬ 
ment  as  would  be  indicated  by  the  hardness  coupons.  This  may  be  due 
largely  to  the  difference  in  geometry  of  the  specimens,  i.  e.  ,  the  differ¬ 
ence  in  area  of  the  solid- gas  interface  at  which  "gettering"  can  occur 
and  from  which  hardening  elements  must  diffuse.  The  rate  of  reaction 
of  the  alloy  with  the  ceramic  is  considerably  reduced  from  that  which 
occurs  at  900  C,  and  one  might  speculate  that  it  would  virtually  cease 
at  a  temperature  of  from  about  550  C  to  580  C,  a  temperature  range 
below  which  titanium  does  not  dissolve  its  surface  oxide. 

Although  the  data  are  quite  inconclusive,  it  appears 
that  the  rate  of  hardening  of  titanium  sealed  to  a  pure  sintered  alumina 
(body  A-976)  is  somewhat  less  than  that  of  titanium  sealed  to  a  97  per¬ 
cent  alumina  ceramic.  This  may  be  caused  by  the  greater  ease  of 
reduction  of  several  of  the  fluxing  oxides,  notably  SiC^,  in  the  97  per¬ 
cent  alumina  ceramic  The  rate  of  hardening  also  appears  to  be  re¬ 
lated  to  the  volume  of  material  into  which  hardening  elements  can  dif¬ 
fuse  as  well  as  the  number  of  ceramic- alloy  interfaces  from  which  em¬ 
brittling  elements  car  be  released. 

For  short  time  exposure  to  a  temperature  of  700°C, 
suitable  sealing  systems  include  alumina-to-titanium  and  alumina-to- 
tantalurn.  Alumina-to-columbium  should  also  prove  satisfactory.  Pru¬ 
dent  seal  design  is,  of  course,  assumed. 

For  seal  temperatures  to  900°C,  the  only  seals  ex¬ 
amined  so  far  which  show  promise  are  those  made  with  high  nickel  con¬ 
tent  titanium-nickel  alloys  or  titanium  shim  seals  to  nickel.  In  the  latter 
case,  attainment  of  a  vacuum  tight  seal  necessitates  a  time-temperature 
sealing  schedule  which  promotes  the  formation  of  the  single  phase  TiNi^ 
or  a  nickel  solid  solution  at  the  interface.  Uncompleted  test  results 
indicate  that  if  TiNij  is  allowed  to  form,  its  thickness  must  be  held  to 
a  minimum  if  it  is  to  withstand  thermal  cycling.  Elimination  of  TIN4 3 
in  favor  of  a  nickel  solid  solution,  by  sealing  above  the  1304°C  eutectic, 
may  prove  advantageous  for  high-temperature  compatibility.  This, 
however,  has  yet  to  be  demonstrated. 
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III.  Microprobe  Analyses 


Although  extensive  use  of  microemission  x-ray  spectrometry 
would  have  been  desirable,  this  service  was  not  readily  available.  Con¬ 
sequently,  only  a  few  analyses  were  made  to  confirm  the  identity  of 
certain  phases  which  appeared  in  several  typical  seals. 

The  electron  spot  diameter  was  estimated  to  be  0.  5  micron 
wnile  excited  x-rays  were  emitted  from  approximately  a  two-micron 
diameter  area.  Pure  titanium,  nickel,  and  aluminum  were  used  as 
standards.  Mutual  enhancement  and  absorption  01  x-ray  emission  from 
the  several  elements  in  the  alloys  under  investigation  were  such  that 
integrated  relative  x-ray  intensities  were  found  to  be  nearly  equivalent 
to  percentage  composition. 

The  seal  specimen  shown  in  Figure  6  was  one  of  the  speci¬ 
mens  examined.  Analysis  of  eight  areas  (grains)  in  the  central  Ti^Ni 
region  gave  average  weight  percentages  as  follows: 

Nickel  33.5  w/ o 

Titanium  64.  6  w/  o 

Aluminum  0.  14  w/ o 

Analysis  of  the  dark  etching,  transformed  beta  areas  showed: 

Nickel  8.2  w/  o 

Titanium  86.  1  w/  o 

Aluminum  1.03  w/ o 

These  analyses  confirm  the  tentative  phase  identification  made  metallo- 
graphically. 


A  similar  (but  not  the  same)  sample,  exposed  for  1680  hours 
at  700  C  in  the  first  life  test,  was  analyzed  for  aluminum  content.  The 
T^Ni  phase  in  the  center  of  the  alloy  layer  was  found  to  have  an  alum¬ 
inum  content  of  0.05  w/ o.  The  area  which  had  previously  shown  the 
structure  of  transformed  beta,  but  now  contained  large,  light-etching 
grains,  had  an  aluminum  content  of  1.  17  w/o. 

The  interest  in  aluminum  content,  before  and  after  heat 
treatment,  stemmed  from  the  thought  that  it  might  serve  as  an  indictor 
of  the  amount  of  reaction  which  had  taken  place  with  the  ceramic.  Although 
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the  second  sample  analyzed  did  not  show  an  appreciable  increase  in 
aluminum  content  of  the  central  titanium  phase  region  after  1680  hours 
at  700  C,  other  data  certainly  indicate  that  reaction  with  the  ceramic 
has  occurred.  It  is  possible  that  the  oxygen  derived  from  the  reduction 
of  Ai^Oj  diffuses  throughout  the  alloy  layer  while  the  aluminum  remains 
near  the  interface,  possibly  as  a  titanium- aluminum  intermetallic  com¬ 
pound.  P.  H.  Brace  et  al^  postulated  a  similar  mechanism  to  account 
for  observations  made  in  connection  with  the  melting  of  titanium  alloys 
in  alumina  crucibles. 


Although  there  can  be  little  doubt  that  continued  reaction  of 
titanium  with  an  alumina  ceramic  occurs  during  a  900°C  life  test,  the 
one  microprobe  analysis  which  was  attempted  did  not  provide  the  proof 
which  was  being  sought  for  a  similar  reaction  occurring  at  a  temperature 
of  700 °C. 


Analysis  of  the  phase  layers  adjacent  to  the  ceramic  in  the 
seal  of  Figure  6  was  attempted.  Since  the  spectrographer  encountered 
difficulty  trying  to  position  the  beam  accurately  on  these  thin  phase 
layers,  the  instrument  was  started  in  the  central  Ti^Ni  or  titanium  phase 
region  and  stepped  automatically  in  one-micron  steps  toward  and  through 
the  outer  layers.  At  each  step,  the  integrated  intensities  of  titanium, 
nickel,  and  aluminum  were  recorded  for  that  step  before  moving  to  the 
next  position.  The  consecutive  steps  for  the  three  elements  were  then 
connected  with  a  smooth  curve  yielding  the  plot  shown  in  Figure  47. 

Both  the  titanium  and  nickel  spectrometers  were  set  at  100  percent  full 
scale,  while  the  aluminum  spectrometer  was  set  at  10  percent  full  scale. 
The  start  and  finish  of  each  designated  layer  is  oriented  as  closely  as 
was  possible.  A  number  of  traverses  were  made  and  each  appeared 
similar. 


Lrrors  associated  with  location  of  the  ceramic-alloy  inter¬ 
face  coupled  with  the  "averaging"  effect  of  emission  from  a  two-micron 
diameter  area  prohibits  the  making  of  any  conclusions  concerning  the 
aluminum  content  of  the  several  phase  layers  near  the  interface.  The 
small  hump  (about  three  percent)  in  the  nickel  curve  coinciding  with  the 
ceramic- alloy  interface  was  observed  in  all  of  the  traverses  which  were 
made.  No  explanation  will  be  attempted. 

Another  microprobe  analysis  was  made  of  the  phase  region 
at  the  termination  of  the  cracks  in  the  sealing  alloy  of  Figure  26.  That 
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this  phase  is  TiNi  is  shown  by  the  following  analysis: 

Nickel  55.  5  w / o 

Titanium  46.  3  w / o 

Aluminum  0.05  w/o 

IV .  Flexural  Strength  Tests 

A  limited  number  of  flexural  strength  tests  were  made  using 
four-point  loading  of  a  test  specimen  having  dimensions  as  shown  in 
Figure  48.  These  tests  were  conducted  to  determine  the  sensitivity  of 
mechanical  strength  to  the  time-temperature  sealing  schedule.  Only 
gross  changes  in  strength  were  being  sought.  The  specimens  were 
brazed  in  the  same  manner  as  those  which  were  prepared  for  life  testing. 

The  principal  difficulty  which  was  encountered  in  the  use  of 
this  specimen  stemmed  from  the  method  of  brazing.  The  specimens 
were  brazed  in  a  vertical  position  with  pressure  applied  axially  by 
means  of  a  spring.  No  fixturing  was  used  to  keep  the  two  ceramic  cyl¬ 
inders  in  axial  alignment.  As  a  result,  they  slipped  off-center  to  vary¬ 
ing  degrees  when  the  eutectic  liquid  was  formed.  In  almost  every  case, 
the  lowest  flexural  strengths  could  be  associated  with  the  most  eccentric 
specimens  while  the  highest  strengths  were  obtained  with  the  specimens 
showing  the  best  axial  alignment. 

Since  eccentricity  of  the  test  specimen  caused  such  a  large 
spread  in  strength  values,  the  actual  values  obtained  are  listed  in  Table 
X  and  no  attempt  has  been  made  to  calculate  average  values.  It  is  be¬ 
lieved  that  comparison  of  the  highest  values  obtained  would  be  the  most 
meaningful  manner  of  using  the  data. 

All  ceramic-to-ceramic  and  ceramic-to-titanium  specimens 
were  sealed  using  the  same  heating  schedule  (Figure  2,  Schedule  A). 

They  differed  in  the  length  of  time  that  they  were  held  above  the  942 
eutectic  temperature.  All  specimens  were  vacuum  tight. 

The  data  show  that  the  strength  of  these  types  of  seals  is  not 
particularly  sensitive  to  soak  time  at  temperature.  Most  of  the  failures 
occurred  at  the  ceramic-to- sealing  alloy  interface.  In  a  few  of  the 
ceramic-to-titanium  seals,  failure  occurrei  partially  through  the  ceramic. 
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Table  X  -  Flexural  Strength  of  Ceramic  to-Metal  Seals 


A.  Ceramic-to-ceramic  seals  brazed  with  the  titanium-rich  titanium- 
nickel  alloy 


Flexural  Strength  (psi)  for  Various  Lengths  of 
Time  above  the  Eutectic 


Specimens 

1 

2 

3 

4 


30  Seconds 

17,  800 

18,  600 
31,  COO 


90  Seconds 

31, 000 
17, 800 
25,  600 
21,  300 


300  Seconds 

26,  400 
20,  900 
30, 200 

27,  900 


B.  Ceramic-to-titanium  seals 


Flexural  Strength  (psi)  for  Various  Lengths  of 
Time  above  the  Eutectic 


Specimens 

1 

2 

3 

4 


30  Seconds 

17,  900 
20,  900 
14,  300 


90  Seconds 

24,  400 

25,  600 
23,  600 
31, 000 


300  Seconds 

25,  600 
24,  800 
22,  500 


C.  Ceramic- to- nickel  seals 


Flexural  Strength  (psi)  for  Two  Sealing 
_ Temperatures  _ 


Specimens 

1280UC 

1 31 5°C 

1 

24,  000 

5,000 

2 

16, 700 

3,  100 

3 

24, 800 

5,  000 

4 

- 

3,  100 
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Microhardness  measurements  across  the  titanium  washer 
of  several  of  the  cer amic-to-titanium  seals  yielded  the  following  data. 
Hardness  measurements  on  a  seal  held  90  seconds  above  the  eutectic 
showed  the  hardness  to  decrease  with  distance  from  the  interface.  At 
the  center  of  the  titanium  washer  the  hardness  was  380  KHN.  On  the 
other  hand,  the  hardness  of  the  titanium  washer  of  a  seal  held  five 
minutes  above  the  eutectic  temperature  was  essentially  the  same 
throughout,  and  averaged  726  KHN.  Even  though  the  titanium  washer 
is  severely  hardened  as  oxygen  contamination  is  introduced  through  con¬ 
tinued  reaction  at  the  sealing  temperature,  the  weakest  link  is  always 
at  the  interface  and,  when  stressed  in  flexure,  the  seal  will  fail  at  the 
interface. 


The  ceramic -to- nickel  seals,  on  the  other  hand,  show  an 
entirely  different  effect  of  the  time-temperature  sealing  schedule,  par¬ 
ticularly  temperature,  on  strength.  The  specimens  were  prepared  using 
0.0005-inch  thick  washers  of  titanium  foil  on  either  side  of  a  0.010-inch 
thick  Grade  499  nickel  washer.  The  sealing  time  at  peak  temperature 

was  held  constant,  about  one  minute - it  was  the  peak  temperature 

attained  which  differentiates  these  two  tests.  In  one  case,  the  maximum 
temperature  was  approximately  1280  C,  while  in  the  other  it  was  about 
1315°C.  The  former  is  just  below  the  TiNij-Ni  eutectic  (1304°C)  while 
the  latter  is  just  above  this  temperature. 

The  flexural  strength  data  show  distinct  differences  in 
flexural  strength  resulting  from  these  two  different  sealing  schedules. 
Heating  to  a  temperature  just  below  the  highest  eutectic  permits  the 
formation  of  a  layer  of  T.Nij  at  the  interface  and  results  in  the  highest 
strength.  If  the  eutectic  temperature  is  exceeded,  the  TiNij  is  replaced 
by  a  nickel  solid  solution  and  the  strength  of  the  seal  drops  off  markedly. 
Failure  occurred  through  the  ceramic  a  short  (a  few  to  10  mils)  distance 
from  the  interface  -  none  of  the  seals  failed  at  the  interface  or  through 
the  intermetallic  or  solid  solution  layer.  Photomicrographs  of  these 
seals  are  shown  in  Figures  28  and  29.  Hardness  measurements  were 
made  at  several  points  across  each  of  these  seal  types.  The  hardness 
averaged  800  KHN  near  the  center  of  the  0.0006-inch  thick  TiNi^  layer 
of  the  seal  of  Figure  28.  At  a  distance  of  0.0008  inch  into  the  nickel 
washer  from  the  nickel- T1N13  interface,  the  hardness  was  down  to  136 
KHN  and  it  remained  about  the  same  as  measurements  were  made  across 
the  nickel  washers.  For  the  seal  made  at  the  higher  temperature,  Figure 
29,  the  hardness  of  the  nickel  solid  solution  at  a  distance  of  about  0.0004 
inch  from  the  alloy- ceramic  interface  was  250  KHN.  At  0.001  inch  from 
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the  interface,  the  hardness  was  146  while  at  the  center  of  the  0.010- 
inch  thick  nickel  washer  it  was  135  KHN. 

All  of  the  specimens  were  prepared  using  ceramic  cylinders 
made  from  body  A-923,  a  97  percent  alumina  body  containing  SiC^,  MgO, 
and  CaO.  The  flexural  strength  of  ung  round,  sharp  edged,  solid  rectan¬ 
gular  test  bars  of  this  ceramic,  measuring  3/16  inch  x  3/16  inch  x  1-1/2 
inch  long  broken  under  three-pomt  loading  on  a  1.2-inch  span,  averages 
55,  000  psi. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Seals  or  sealing  alloys  containing  a  titanium  phase  (alpha  or  beta 
solid  solution)  in  contact  with  alumina  are  unsuitable  for  long-time  ex¬ 
posure  to  a  temperature  of  700  C  or  for  even  short-time  application  at 
temperatures  approaching  900  C.  Failure  of  such  seals  results  from 
continuing  reaction  of  the  "active"  sealing  alloy  with  the  ceramic  at  the 
operating  temperature,  resulting  in  embrittlement  and  ultimate  failure 
of  the  alloy  or  the  alloy-ceramic  bond. 

If  alumina-to- metal  sealing,  through  the  use  of  molten  alloys  cap¬ 
able  of  reacting  chemical!'  with  the  ceramic  surface,  is  to  be  used  for 
fabricating  high-temperature  seals  for  thermionic  converters,  then 
means  must  be  found  for  inhibiting  further  reaction  at  the  operating  tem¬ 
perature  of  the  seal. 

This  study  pointed  out  several  approaches  which  warrant  further 
study  and  evaluation,  including:  (a)  the  forming,  during  sealing,  of  a 
titanium- containing  metal  phase  or  phases  which  are  more  stable  thermo¬ 
dynamically  at  the  desired  operating  temperature  than  aluminum  oxide 
(e.  g.  ,  the  T1N13  or  nickel  solid  solution  prepared  in  the  ceramic-to- 
nickel  seals  of  this  study),  ( b)  by  minimizing  the  qiantity  of  active 
element  to  that  which  is  necessary  to  achieve  a  bond  (such  as  by  the 
titanium  hydride  technique),  or  (c)  by  using  sealing  alloys  which  are 
insensitive  tc  oxygen  contamination.  In  addition,  an  evaluation  should 
be  made  of  the  high- temperature  capabilities  of  seals  prepared  using 
alloys  of  other  "active"  metals  such  as  zirconium,  columbium,  and 
hafnium. 

Further  work,  aimed  at  a  seal  with  900°C  capability,  should  not 
be  restricted  to  a't.w  sealing  techniques  but  should  include  an  evaluation 
of  electron  beam  welding,  the  development  of  i  esium- resi stant  metalliz¬ 
ing  techniques  tor  pure  alumina,  and  the  use  of  cermets. 
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Figure  1  -  Vacuum  bell  jar  containing  resistance-heated 
tantalum  oven 
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Figure  3  -  TTT  curve  for  a  titanium-6  w/o  nickel  alloy 
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Figure  4  -  High- tempe rature  vacuum  life  test  station 
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Figure  6  -  Photomicrograph  of  ceramic*to-ceramic  seal 
brazed  with  71.8  w/o  titanium,  28.2  w/o 
nickel  alloy,  500  X 


Figure  7  -  Photomicrograph  ol  effect  of  'overbrazing”  on 
the  seal  shown  in  Figure  b,  500  X 
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Figure  8  -  Photomicrograph  of  effect  of  "overbrazing"  on 
the  seal  shown  in  Figure  11,  500  X 


Figure  9  -  Photomicrograph  of  effect  of  "overbrazing"  on 
the  seal  shown  in  Figure  12,  500  X 
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Figure  10  -  Photomicrograph  of  titanium- nickel  diffusion 
couple,  500  X 


Figure  II  -  Photomicrograph  of  ceramic-to-ceramc  seal 
brazed  with  76.  8  w/ o  titanium,  23.  2  w/ o 
nickel  alloy,  500  X 


Figure  12  -  Photomicrograph  oi  c  e  ramie  -  to- ce  ramie  seal 
brazed  with  8  3.2  w  o  titanium,  lb.  8  w  o 
nickel  alloy,  *>00  X 
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Figure  13  -  Photomicrograph  of  ceramic-to-titanium 
seal,  500  X 


Figure  14  -  Photomicrograph  of  effect  of  prolonged  heating 
at  sealing  temperature  on  the  seal  shown  in 
Figure  13,  500  X 
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Figure  15  -  Knoop  hardness  transverses  across  selected 
titanium- metal  oxide  seals 


11-73 


Figure  16  -  Photomicrograph  of  ceramic -to- tantalum 
seal,  500  X 


Figure  17  -  Photomicrograph  of  ceramic-to-Kovar  seal, 
500  X 
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Figure  18  -  Photomicrograph  of  ceramic-to-Type  304 
stainless-steel  seal,  500  X 


Figure  19  -  Photomicrograph  of  ceramic-to-Type  430 
stainless -steel  seal,  500  X 
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Figure  20  -  Photomicrograph  of  ceramic-to-tantalum  seal 
using  titanium  "buffer"  washers,  500  X 


Figure  21  -  Photomicrograph  of  ceramic  -  to-Kovar  seal 
using  titanium  buffer”  washers,  500  X 
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Figure  22  -  Photomicrograph  of  ceramic-to-Type  304 
stainless- steel  seal  using  titanium  "buffer" 
washers,  500  X 


Figure  23  -  Photomicrograph  of  ceramic-to-Type  430 
stainless- steel  seal  using  titanium  "buffer" 
washers,  500  X 
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Figure  24  -  Photomicrograph  of  ceramic-to-ceramic  seal 
brazed  with  65.  8  w/o  titanium,  34.  2  w/o 
nickel  alloy,  500  X 


Figure  25  -  Photomicrograph  of  ceramic-to-ceramic  seal 
brazed  with  49.0  w/o  titanium,  51.0  w/o 
nickel  alloy,  500  X 
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Figure  26  -  Photomicrograph  of  ceramic-to-ceramic  seal 
brazed  with  39.  1  w/o  titanium,  60.9  w/o 
nickel  alloy,  500  X 
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Figure  27  -  Photomicrograph  of  ceramic-to- nickel  seal 
made  at  a  low  sealing  temperature,  500  X 
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Figure  28  -  Photomicrograph  of  ceramic-tu-mckel  seal 
made  at  a  temperature  of  approximately 
1280°C,  500  X 
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Figure  29  -  Photomicrograph  of  ceramic-to-nickel  seal 
made  at  a  temperature  of  1315  C,  500  X 
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Figure  30  *  Photomicrograph  of  ceramic- to- nickel  seal 
heated  for  four  minutes  at  a  temperature  of 
10'jo  V  showing  crack  through  TiNi^  zone, 
500  X 
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figure  31  -  Pho*o>  aerograph  of  wrapped  ceramic-to- 


tito..aum  seal  after  240  hours  at  a  temperature 
of  ^00°C,  500  X 


Figure  32  -  Photomicrograph  of  ceramic  -  titanium  "  reaction’ 
specimen  after  240  hours  at  a  temperature  of 
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Figure  33  -  Photomicrograph  of  c  eramic  -  to- ceramic  seal 
brazed  with  76.8  w/  o  titanium,  23.2  \fc/o 
nickel  alloy,  5^ u  X 


Figure  3-1  -  Photomicrograph  >5  seal  shown  m  Figure  33 
after  240  -lours  at  a  temperature  jf  O0Q  C, 
**00  X 
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Photomicrograph  of  cer amic-to-nickel  seal 
after  480  hours  at  a  temperature  of  900°C, 
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Figure  36  -  Photomicrograph  of  seal  shown  in  Figure  33 
after  1680  hours  at  a  temperature  of  700°C  , 
500  X 
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Figure  37  -  Photomicrograph  of  ceramic-to-titanium  seal 
after  1920  hours  at  a  temperature  of  700  C, 
500  X 


Figure  38  -  Photomicrograph  of  wrapped  ceramic-to- 
titanium  seal  (A-976  ceramic^  after  720 
hours  at  a  temperature  of  700  C,  500  X 
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Figure  39  -  Photomicrograph  of  seal  shown  in  Figure  38 
before  life  testing 


Figure  40  -  Photomicrograph  of  wrapped  ceramic-to- 
titanium  seal  (A-923  ceramic)  after  720 
hours  at  a  temperature  of  700°C,  500  X 
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Figure  41  -  Photomicrograph  of  ceramic-to-nickel  seal 
after  1200  hours  at  a  temperature  of  700°C, 


Figure  42  -  Photomicrograph  of  ceramic -to-tantalum 
seal  before  life  testing,  500  X 
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Figure  41  -  Photomicrograph  of  seal  shown  in  Figure  42 
alter  2150  hours  at  a  temperature  of  700°C, 
500  X 
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Figure  44  -  Photomicrograph  of  seal  shown  in  Figure  21 
after  1200  hours  at  a  temperature  of  700  C, 
2  50  X 


Figure  45  -  Photomicrograph  of  seal  shown  in  Figure  22 
after  1200  hours  at  a  temperature  of  700°C, 


2  50  X 


Figure  46  -  Photomicrograph  of  seal  shown  in  Figure  23 
after  1200  hours  at  a  temperature  of  700  C, 


2  50  X 
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Figure  47  -  Microprobe  traverse  across  the  brazing  alloy  of  the 
seal  shown  in  Fi  gure  6 
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Figure  48  -  Flexural  strength  test  specimen 
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EXPERIMENTAL  STUDIES  CF  THE  EMISSION  AND  DISCHARGE 
CHARACTERISTICS  OF  THE  Ta-Cs  SYSTEM 

by 

M.  D.  Gibbons 


INTRODUCTION 

The  performance  of  the  cesium  thermionic  converter  depends 
critically  on  the  work  functions  of  the  electrodes  and  the  mode  of  cur¬ 
rent  transfer  between  the  electrodes.  These  two  considerations  are 
dependent.  The  work  functions  establish  the  boundary  potentials  of  the 
converter  gap,  and  control  the  current  capabilities  of  the  emitter.  The 
electron  current  transfer  is  governed  by  the  production  of  ions.  Ions 
are  produced  by  surface  ionization  and  by  the  low  voltage,  hot  cathode 
discharge.  The  former  is  understood,  the  latter  is  not. 

The  two  objectives  for  this  study  were:  (1)  to  determine  the  para¬ 
meters  of  the  hot  cathode,  arc  discharge,  and  thereby  possibly  gain  an 
understanding  of  the  discharge  mechanism,  and  (2)  to  measure  the  emis¬ 
sion  properties  of  refractory  materials  in  cesium  vapor,  especially  in 
the  presence  of  a  discharge.  These  objectives  were  pursued  simultan¬ 
eously  since  they  are  related.  For  example,  the  breakdown  voltage  of 
the  discharge  depends  on  the  fields  produced  by  the  difference  of  the 
work  functions  of  the  electrodes.  Likewise,  the  emission  capability  of 
the  emitter  seems  to  depend  on  the  emitter  sheath,  and  possibly  the 
arrival  at  the  emitter  of  ionized  and  excited  cesium  from  the  discharge. 
This  report  will  present  experimental  results  obtained  on  the  emission 
and  discharge  characteristics  on  the  Cs-Ta  system  as  well  as  discharge 
measurements  taken  of  the  Cs-W  system. 

EXPERIMENTAL  APPROACH 

One  experimental  tube  used  for  this  study  is  shown  in  Figure  1/ 

The  emitter  base  surface  is  the  closed  end  of  a  tantalum  cylinder;  the 
emitter-collector  gap  can  be  adjusted  by  means  of  a  bellows.  Because 
of  the  difficulty  in  aligning  the  double-ended  tube,  the  emitter  surface  is 
not  perfectly  parallel  with  the  collector  and  guard  ring  surface.  There¬ 
fore,  the  spacings  reported  herein  are  measured  from  the  point  of  contact 

>,5See  APPENDIX  for  illustrations 
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between  the  emitter  and  collector.  A  W-Re  thermocouple,  used  to  mea¬ 
sure  the  emitter  temperature,  was  calibrated  with  an  optical  pyrometer 
for  temperatures  above  700  C.  This  calibration  curve  was  then  extended 
to  lower  temperatures  using  the  published  data  as  a  guide  for  the  extra¬ 
polation.  Cesium  pressure  was  determined  by  the  temperature  of  a 
silicone  fluid  bath  into  which  the  whole  tube  was  immersed. 

In  a  similar  tube  containing  a  tungsten  emitter,  the  W-Re  thermo¬ 
couple  was  unreliable  because  the  junction  detached  from  the  emitter. 
Temperature  measurements  in  this  tube  were  taken  with  an  optical  pyro¬ 
meter,  All  optical  pyrometer  readings  were  corrected  for  the  emissivity 
of  tungsten  and  the  transmission  through  glass  and  silicone  fluid. 

EXPERIMENTAL  EMISSION  RESULTS 

For  low  pressures,  mainly  those  corresponding  to  cesium  reser¬ 
voir  temperatures  of  39  C,  67  C,  and  99  C,  retarding  and  Schottky 
plots  were  made  to  obtain  the  zero-field  saturated  emission  data.  The 
results  obtained  from  these  two  methods  were  in  agreement.  Some  of 
these  curves  are  shown  in  Figure  2  which  presents  the  emission  current 
versus  voltage  for  different  spacings  near  the  emission  peak  for  the  99  C 
cesium  curve.  The  variation  with  S  (the  emitter-collector  spacing  in 
mils)  shows  space  charge  limitations  for  large  spacing.  During  these 
measurements,  light  emitted  be<  -use  of  the  existence  of  various  excitation 
levels  was  observed  originating  just  in  front  of  the  collector.  For  example, 
at  2.7  volts,  the  second  resonance  levels  were  observed.  As  the  voltage 
increased,  this  blue  excitation  would  move  toward  the  emitter,  while  light 
from  higher  excitation  levels  was  observed  in  front  of  the  collector.  No 
discontinuities  were  ov  served  in  the  tube  current  for  voltages  even  in 
excess  of  the  cesium  ionization  potential,  except  for  the  two  large  spacing 
curves.  For  these  two  curves,  abrupt  increases  in  current  were  observed 
(see  Figure  2)  due  to  a  discharge  occurring  outside  the  emitter-collector 

gap. 


For  higher  cesium  pressures,  a  discharge  occurred  at  voltages 
for  which  the  electron  emission  was  still  space  charge  limited.  In  this 
case,  the  discharge  itself  overcame  the  effect  of  space  charge.  This 
technique  works  fairly  well  for  the  190  C  cesium  curve,  and  partially 
for  the  255°C  cesium  curve.  However,  for  a  Cs  reservoir  temperature 
of  31 5°C,  the  current  fails  to  show  any  sign  of  saturating,  as  illustrated 
in  Figure  3.  These  data  were  taken  by  switching  the  applied  voltage  on 
momentarily,  causing  an  intense  discharge  in  the  guard  ring-to- shield 
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region.  Care  was  taken  to  keep  the  guard  ring  and  collector  at  the  same 
potential  at  the  point  where  the  current  was  measured,  using  an  adjust¬ 
able  resistor  in  the  anode  circuit.  The  steep  slope  and  the  square  root 
dependence  on  voltage  suggest  an  anomalous  Schottky  region.  *  This  is 
not  unreasonable  if  one  assumes  that  the  emitter  surface  is  made  up  of 
patches  having  various  crystal  orientations.  However,  the  anomalous 
Schottky  mechanism  does  not  explain  the  high  current  densities  of  hund¬ 
reds  of  amp/crn^  that  were  observed  in  this  region.  The  anomalous 
Schottky  effect  can  be  looked  upon  as  a  mechanism  that  limits  the  emis¬ 
sion.  The  normal  Schottky  effect  cannot  account  for  the  several  hundred¬ 
fold  increase  in  the  current  density. 

Another  objection  to  this  interpretation  is  the  fact  that  a  similar 
curve  was  obtained  when  the  emitter  was  at  a  temperature  of  2475°K. 

At  this  temperature  the  surface  should  be  almost  free  of  cesium.  How¬ 
ever,  if  one  postulates  that  the  discharge  along  with  the  normal  positive 
ion  sheath  causes  a  return  of  positive  ions  to  the  emitter  surface,  this 
increased  flux  of  positive  ions  due  to  both  the  discharge  current  and  the 
retarding  effect  of  the  positive  sheath  on  surface  ionized  cesium  can  be 
viewed  as  an  increase  in  cesium  adsorption,  which  effectively  lowers  the 
work  function.  This  lower  work  function  at  the  higher  emitter  temper¬ 
atures  seems  to  be  the  cause  of  the  increase  of  emission  above  that 
normally  expected. 

This  reasoning  can  easily  be  applied  to  the  region  where  copious 
surface  ionization  occurs.  Effects  like  this  have  been  observed  by  the 
author  near  the  emission  minimum  for  lower  cesium  pressures  when 
iarger  applied  fields  were  used.  Its  direct  applicability  to  higher  cover¬ 
ages  seems  doubtful  unless  there  are  very  large  ion  currents,  that  is, 
in  the  order  of  the  neutral  cesium  arrival  rate.  However,  in  a  dis¬ 
charge,  many  excited  neutrals  impinge  on  the  emitter  surface.  An 
excited  atom  may  be  ionized  by  surface  ionization  when  the  difference 
between  the  ionization  potential  ahd  the  excited  level  is  less  than  the 
work  function.  The  excited  atoms  may  effectively  act  as  a  species  with 
a  lower  ionization  potential.  This  would  then  shift  the  J.j.  =  492  J_  line 
toward  the  emission  peak  of  the  S  curve.  If  the  field  at  the  emitter  re¬ 
tards  these  ions,  Lie  effective  coverage  can  increase,  giving  abnormally 
high  emission  density.  Although  surface  ionization  of  excited  atoms  is 
energetically  possible  at  lower  work  functions,  it  is  not  known  whether 
the  process  occurs. 
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One  experiment  was  tried  to  detect  ionization  of  excited  atoms  at 
a  lower  work  function.  Radiation  from  a  Csl  lamp  was  let  into  the  con¬ 
verter  gap  and  it  was  hoped  that  this  radiation  would  produce  excited 
atoms.  Since  the  incident  Cs  lines  were  quite  broad,  it  was  hoped  that 
the  hot  Cs  in  the  neighborhood  of  the  emitter  could  absorb  the  wings  of 
the  resonance  lines.  No  effect  was  observed.  The  experiment  is  incon¬ 
clusive  because  it  is  not  known  if  any  excited  atoms  were  produced. 

During  the  experiment,  the  Cs  in  the  Csl  lamp  was  used  up,  and  it  is 
not  known  if  any  appreciable  Cs  resonance  radiation  was  available. 

As  the  coverage  increases,  the  possiblity  of  secondary  processes 
at  the  emitter  surface  increases.  Beside  photo  effects,  potential  ejec¬ 
tion  of  electrons  due  to  cesium  ion  neutralization  can  occur  when  the 
work  function  is  less  than  one-half  the  ionization  potential.^  However, 
this  too  requires  very  high  ion  current  to  cause  the  large  increase  of 
electron  emission  that  was  observed.  De-excitation  of  an  excited  cesium 
atom  could  result  in  potential  ejection  of  an  electron  if  the  difference  be¬ 
tween  the  ionization  potential  and  the  excited  level  is  greater  than  the 
work  function  and  if  tne  excitation  energy  is  greater  than  the  work  function. 
Even  the  adsorption  of  a  neutral  cesium  atom  could  cause  potential  ejec¬ 
tion  of  electrons,  if  the  work  function  is  less  than  the  adsorption  energy. 

In  fact,  the  perturbing  effect  of  the  field  of  an  incoming  cesium  ion  in 
the  presence  of  a  field  of  the  positive  sheath  might  cause  the  emission  of 
one  or  more  electrons  before  the  ion  is  finally  neutralized  at  the  surface. 
Although  all  these  processes  are  energetically  possible,  the  basic  prob¬ 
abilities  are  unknown,  and  require  experimental  study. 

A  simplified  calculation  of  this  returned  ion  effect  is  as  follows. 
Consider  a  surface  with  the  following  particle  currents: 

I Ua  -  the  neutral  arrival  rate 
y  a  =  the  neutral  evaporating  rate 

-  the  ion  arrival  rate  from  the  plasma  region 
V+  -  the  ion  emission  rate 
/Lt. j.  =  the  total  ion  arrival  rate. 

Assume  that  the  ion  particle  current  entering  the  plasma  region 
(V  is  related  to  the  ion  emission  rate  at  the  surface. 


=  J/  exp 


(1) 
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where  V  is  the  sheath  potential.  The  total  ion  arrival  rate  is 


=  M'+  +  ^  (  2) 

Assuming  that  surface  ionization  is  independent  of  whether  the  Cs  arrives 
as  an  atom  or  an  ion,  one  finds  that: 

u+  =  (Ma  +  M+)/3  (3) 


where  fi  is  the  surface  ionization  probability  and  is  given  by 


/3  = 


exp 


fe(I  -  0) 
I  kT 


(4) 


where  I 

U)  /w, 
a  + 


0 


the  first  ionization  potential  of  cesium 

the  ratio  of  the  statistical  weights,  and  has  a  value  of 
"2"  for  Cs 

the  work  function. 


Combining  Equations  1,  2,  3, 


+  Ma0 


1  -  exo 

-g) 

» 

kT/J 

eV 

kT 


■  . 


1  -  /3  |1  -  exp 
The  total  arrival  rate  of  Cs  is  given  by, 


Mt  =  M+  +  Ma  = 


^  +  ^a 


1  -  /3 


* 

1  -  exp 

» 

M] 

(5) 


(6) 


Thus,  if  ft  approaches  unity,  /j.t  can  be  much  larger  than  the  neutral  Cs 
arrival  rate. 

The  sheath  potential  can  be  evaluated,  by  assuming  that  the  electron 
and  ion  densities  are  equal  just  outside  of  the  sheath,  and  that  both  electrons 
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and  ions  are  emitted  with  thermal  velocities  characteristic  of  the  emitter 
temperature.  In  the  ion-rich  case, 


(7) 


(8) 


(9) 


The  total  arrival  rate  can  easily  be  reduced  to 


M  +  +  Ma  '  492  e 
1  -  0 


(10) 


In  previous  work  by  the  author  on  the  Ta-Cs  system,  a  set  of 
emission  curves  (Figure  4)  were  measured  which  show  considerable 
distortion  near  the  emission  minimums.  This  distortion  is  believed 
due  to  the  return  ion  effect.  These  data  were  taken  by  going  from  high 
tolow  temperatures.  When  the  emission  is  measured  in  the  other  direc¬ 
tion,  the  distortion  is  much  less.  In  general,  the  emission  in  this  region 
depends  on  the  applied  voltage  (not  in  the  usual  way)  and  also  on  time 
effects.  In  going  from  lower  to  higher  temperatures,  the  emission  in 
this  region  tends  to  increase  with  time  when  the  emitter  is  held  at  a  con¬ 
stant  temperature.  The  connection  between  the  Langmuir-Taylor  two- 
phase  region  and  the  return  ion  effect  is  not  certain,  and  more  precise 
measurements  of  these  effects  are  needed  before  anything  more  definite 
can  be  stated. 

Figure  5  shows  resulting  curves  of  emission  versus  reciprocal 
temperature  for  this  particular  tantalum  emitter  used  during  this 
study  program.  The  solid  lines  indicated  in  Figure  5  are  an 
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extrapolation  of  the  Langmuir-Taylor  results  for  tungsten.  The  Ta-Cs 
system  has  greater  emission  at  the  lower  pressures  and  the  peaks  are 
shifted  to  lower  temperatures.  These  results  are  in  disagreement  with 
data  taken  with  Ta  wires.  ^  The  Ta  surface  used  in  this  study  was  found 
to  have  developed  a  preferred  orientation  of  the  100  surface,  which 
Webster^  has  shown  to  be  one  of  the  higher  emission  surfaces  in  Cs 
vapor.  This  is  presumably  the  main  reason  for  the  disagreement.  If 
the  process  proposed  above  involving  the  increased  flux  of  Cs  due  to  the 
retarding  field  for  ions  at  the  emitter  is  considered,  then  another  pos¬ 
sible  reason  for  this  disagreement  is  that  the  collection  efficiencies  of 
thin  wires  and  plane  surfaces  could  be  different  for  the  returning  pos¬ 
itive  ions.  Measured  ion  emission  data  show  that  the  Cs  arrival  rate  is 
consistent  with  that  predicted  from  the  Cs  reservoir  temperatures.  The 
emission  peak  observed  on  cooling  from  emitter  temperature  of  2500  K 
indicates  that  the  emission  is  not  due  to  contamination  by  materials 
such  as  oxygen.  The  vacuum  emission  taken  before  and  once  during  these 
measurements  agree  with  the  published  values  for  Ta.  The  distortion 
of  the  high  pressure  curves  is  probably  due  to  the  experimental  tech¬ 
nique  of  using  the  discharge  to  neutralize  space  charge  and  obtain  the 
saturated  current. 

These  results  indicate  a  Ta  surface  similar  to  that  used  in  this 
study  would  also  be  a  fairly  good  collector  material;  for  example,  the 
314  C  Cs  curve  indicates  an  effective  work  function  of  1.  33  ev  at  1000  K. 

DISCHARGE  STUDIES 

The  discharge  studies  involve  measurements  of  the  breakdown  volt¬ 
age  (Vg)  and  maintenance  voltage  (V^j)  tor  various  cesium  pressures, 
emitter  temperatures,  and  emitter-collector  spacings.  These  measure¬ 
ments  were  taken  by  observing  the  current-voltage  relations  using  a 
low-impedance  60-cycle  sweep.  The  values  of  Vg  and  were  deter¬ 
mined  by  observing  the  current  discontinuities  in  the  current-voltage 
characteristics  caused  by  the  onset  and  cessation  of  the  discharge.  At 
high  pressures  and  emitter  temperatures,  the  transition  into  the  arc 
mode  is  indefinite;  that  is,  there  is  a  smooth  transition  between  the  modes. 
Most  of  the  data  in  this  report  refers  to  the  conditions  before  these  poten¬ 
tials  become  indistinguishable. 

Figure  6a  shows  the  electron  potential  diagram  which  represents 
the  gross  features  of  the  potential  distributions  just  before  breakdown. 

It  is  assumed  that  breakdown  is  due  to  the  electrons  which  are  accelerated 
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after  passing  over  the  electron  space  charge  barrier.  These  electrons 
produce  ions  or  excited  atoms  by  impact  with  cesium  neutrals,  some 
of  which  can  be  in  an  excited  state.  The  maximum  potential  that  these 
electrons  can  acquire  (neglecting  collisions)  is  termed  the  collector 
sheath  potential.  Its  value  just  prior  to  breakdown  will  be  called  V  , 
and  is  given  by 

V*  =  V_  +  0  -  <?  +  V  (11) 

c  B  e  rc  e 

In  the  case  of  the  maintenance  potentials,  it  is  assumed  that  the 
electron  space  charge  barrier  is  negligible,  and  that  a  positive  sheath 
forms  as  shown  in  Figure  6b.  This  neglects  the  double  sheath  which 
exists  where  the  electron  emission  is  more  than  492  times  the  ion 
emission.  The  maximum  potential  acquired  in  this  case  is  assumed  to 
be  the  emitter  sheath  potential.  Its  value  just  prior  to  the  extinction  of 
the  discharge  is  called  V1  ,  and  is  given  by 


<p  +  V 
rc  c 


(12) 


The  applied  voltages,  Vg  and  Vj^,  are  the  quantities  that  are 
actually  measured.  What  should  be  known  for  an  understanding  of  the 
mechanism  of  this  discharge  is  V'c  and  V  e>  as  given  in  the  preceding 
equations.  With  the  aid  of  the  emission  data  described  in  the  first  part 
of  this  report,  the  effective  ^>e  can  be  found.  In  all  this  work,  the  collector 
was  assumed  to  have  a  work  function  of  1.9  electron  volts;  that  is,  it  was 
assumed  that  the  collector  was  covered  by  many  monolayers  of  cesium. 
With  the  aid  of  the  measured  emission  before  and  after  breakdown,  an 
estimate  of  Vg  can  be  made  by  means  of  the  Boltsmann  relation.  As  the 
temperature  of  the  emitter  approaches  that  at  which  =  492  J  ,  the 
sheath  potential  approaches  zero  and  then  goes  positive.  The  V  correc¬ 
tion  is  cut  off  artifically  and  rapidly  as  this  point  is  approached.  This 
is  justified  because  the  ion  emission  has  a  very  strong  dependence  on  the 
emitter  temperature. 


In  considering  the  maintenance  potentials,  a  knowledge  of  V c  -  V 
is  required.  The  collector  sheath,  V  ,  depends  on  the  random  current 
density  arriving  at  the  collector.  It  is  assumed  that  all  other  currents 
are  negligible.  The  random  current  density  is  a  function  of  the  unknown 
electron  density  and  temperature.  The  plasma  loss,  V^,  uepends  also  on 
the  electron  temperature.  From  a  simplified  calculation  based  on  Agnew's 
spectrogr aphically  determined  electron  density  and  temperature  as  a 
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function  of  cesium  pressure,  an  estimate  of  Vc  can  be  obtained.^*  Vp 
can  be  determined  from  the  resistivity  work  of  Mohler"^  and  from  Agnew's 
electron  temperature.  However,  before  much  confidence  can  be  placed 
in  these  corrections  for  Vc  and  Vp,  the  electron  densities  and  temper¬ 
atures  should  be  measured  under  the  same  conditions  as  are  the  dis¬ 
charge  parameters. 

The  discharge  results  which  will  be  reported  are  peculiar  to  this 
particular  emitter  surface  and  geometric  arrangement  of  the  electrodes. 
The  effect  of  electrode  geometry  was  manifested  by  disconnecting  the 
guard  ring.  In  this  case,  all  parameters  are  shifted  upward  in  potential, 
indicating  that  the  field  at  the  edge  of  the  collector  and  possibly  the 
emitter  influences  the  discharge  parameters. 

Figure  7a*  shows  the  breakdown  and  maintenance  potentials  versus 
spacing  for  different  emitter  temperatures  at  a  pressure  corresponding 
to  a  reservoir  temperature  of  190  C.  In  general,  there  is  little  depen¬ 
dence  on  spacing  for  both  the  breakdown  and  maintenance  potentials, 
except  for  the  maintenance  curves  at  the  lower  temperatures.  If  the 
correction  for  the  contact  potential  is  made,  the  curves  shown  in  Figure 
7b  are  obtained.  At  small  spacings,  most  of  the  values  of  Vg  +  0e  “ 
intercept  zero  spacing  at  approximately  3.25  volts,  while  the  +  pe  *  9c 
values  are  grouped  around  0.75  volt.  The  deviations  of  the  two  lower 
emitter-temperature  curves  for  both  the  breakdown  and  maintenance 
potential,  and  the  1317°K  curve  for  the  maintenance  potential  are  due  to 
the  fact  that  the  emission  density  is  decreasing  rapidly  as  the  emitter 
temperature  moves  away  in  either  direction  from  the  temperature  of  the 
emission  peak. 

Figure  8a  shows  the  breakdown  and  maintenance  potentials  for  three 
spacings  at  a  cesium  reservoir  temperature  of  190  C.  The  maintenance 
potentials  show  the  effect  of  limited  current  as  one  proceeds  to  the  higher 
and  lower  temperatures  from  the  emission  peak.  The  breakdown  curves 
seem  to  bo  decreasing  linearly  with  emitter  temperature.  However,  if 
the  contact  potential  correction  is  inserted,  the  curves  shown  in  Figure  ^b 
are  obtained.  Note  that  the  values  of  Vg  r  Q  -  0  go  through  a  broad 


In  this  illustration  and  in  those  following,  the  term  relative  spacing 
means  the  spacing  as  read  on  the  micrometer.  The  point  of  contact  of 
the  emitter  and  collector  is  usually  one  to  two  mils  less  that  the  closest 
spacing  experimental  point  given  in  the  illustrations. 
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minimum  it  tVn.»ui  i.  I  volts.  Il‘  tht*  correction  for  the  space  charge 
"  heath,  ,  is  added,  thi-  curve  has  a  maximum  value  near  3.  65  volts. 
;Mcxt  by  ridding  the  voltage  equivalent  to  the  two  kT  thermal  energy  term, 
the  resulting  potential  Ts  within  one-tenth  of  a  volt  of  the  ionization  poten¬ 
tial  cif  cesium.  Thus,  it  appears  that  the  breakdown  for  this  hot  cathode 
discharge  at  these  emitter  temperatures  and  a  Cs  pressure  correspond¬ 
ing  to  190  C  is  due  to  ionization  by  electron  impact  from  the  ground  state 
ol  cesium.  If  all  the  corrections  to  the  maintenance  potential  are  added, 
the  minimum  of  the  maintenance  potential  curve  occurs  near  the  peak 
emission.  By  adding  the  voltage  equivalent  of  the  two  kT  energy  term 
to  tht  minimum  maintenance  potential,  the  resultant  potential  is  very 
t  lose  to  the  second  resonance  level  for  cesium.  Data  for  higher  emitter 
temperatures  c  ,'uld  not  be  taken  because  the  pressure-distance  character- 
isti»'>  for  these  conditions  were  such  that  the  discharge  tended  to  leave 
the  emitter-collector  gap  when  an  attempt  was  made  to  go  to  higher 
temperature  s. 

The  breakdown  and  maintenance  potentials  versus  spacing  data  at 
255  C  cesium  reservoir  temperature  are  presented  in  Figure  9a.  The 
breakdown  potential  appears  to  depend  linearly  on  spacing,  while  the 
maintenance  potential  appears  to  be  independent  of  spacing.  If  these 
data  are  corrected  for  the  contact  potential  difference,  the  results  are 
as  shown  m  Figure  9b.  The  correction  for  the  contact  potential  tends  to 
bunch  the  breakdown  curves  at  small  spacings  near  2.2  volts.  The  main¬ 
tenance  potentials  tire  bunched  about  0.  4  volt.  The  1200  K  breakdown 
curve  has  also  been  corrected  for  the  space  charge  sheath  and  its  depend¬ 
ence  on  spacing.  The  linear  dependence  of  the  breakdown  voltage  on 
spacing  is  the  result  of  the  increase  in  the  number  of  collisions  at  these 
high e r  nr e  -  r  e s. 

The  breakdown  and  maintenance  potentials  versus  the  emitter  tem¬ 
perature  for  different  spacings  it  a  255  C  cesium  reservoir  temperature 
in  shown,  in  Figure  10a.  Again  the  high  breakdown  and  maintenance 
potentials  at  low  emitter  temperatures  are  due  to  the  lack  of  sufficient 
current  dev-.ity  to  suprwrt  the  discharge.  As  the  emitter  temperature 
i  >:<  r  e a4- v .  the  maintenance  potential  becomes  independent  of  spacing 
and  van*  -  more  sicwly  with  temperature.  Both  the  breakdown  and 
maintenance  curves  cross  zero  potential  at  high  emitter  temperatures 
and  enter  the  discharge  region  familiar  in  converter  work.  Figure  10b 
shows  the  rime  data  with  the  various  corrections.  The  breakdown  data, 
when  corrected  for  the  contact  potential,  tends  to  exhibit  a  flat  region, 
especially  for  very  close  spacings.  For  example,  the  breakdown  potential 
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is  fairly  constant  at  2.2  volts  for  the  10-mil  spacing  curve.  This  flat 
region,  when  corrected  for  the  space  charge  sheath,  is  raised  to  about 
2.6  volts.  If  the  voltage  equivalent  is  added  to  the  2  kT  term,  this  value 
is  about  one-tenth  of  a  volt  above  the  second  resonance  level.  As  the 
temperature  is  increased,  the  corrected  breakdown  potential  drops  to  a 
levei  ••••ry  near  the  first  resonant  level.  The  curves  for  the  smaller 
spacing  enter  this  discharge  mode  first.  Note  that  at  this  pressure,  the 
tran  \tion  into  the  discharge  mode,  is  considerably  above  the  emitter 
temperature  where  the  positive  .on  sheath  is  expected  to  form.  This 
possibly  indicates  that  excited  states  created  by  the  thermal  energy  of 
the  emitter  are  necessary  for  the  discharge  in  this  pressure  range.  The 
maintenance  potentials  (shown  grouped  together  in  one  curve),  when 
corrected  for  contact  potential,  are  independent  of  the  emitter  temper- 
atur  s  and  are  constant  at  a  potential  of  one-half  a  volt.  However,  at 
high  nmitte.  temperatures,  the  Vj^  +  0e  -  Pc  curve  rises  to  meet  the 
hr  .■  akci  in  curve.  The  correction  for  Vc  -  V  on  the  maintenance  poten¬ 
tial  shows  »har  the  maintenance  potential  increases  gradually  with  emitter 
temperature.  This  increase  in  the  emitter  sheath  potential  is  probably 
due  to  the  need  to  overcome  the  decrease  in  electron  emission  as  the 
emitter  temperature  approaches  that  of  the  emission  minimum.  When 
the  emitter  temperature  is  raised  above  the  temperature  where  J+  =  492J_, 
the  breakdown  data  should  be  corrected  m  the  same  way  a:  the  mainten¬ 
ance  data.  This  correction  is  shown  as  the  Vo  +  +  Vt.  -  V'  curve. 

C  V  v  p 

These  corrections  now  place  the  sheath  potentials  at  3.  5  and  3.25  volts 
tor  the  breakdown  and  maintenance  processes,  respectively,  when  the 
converter  is  operating  m  the  discharge  mode. 


The  discharge  studies  at  higher  Cs  pressures  are  incomplete,  be¬ 
cause  the  tube  failed  during  this  series.  In  Figure  11,  the  breakdown 
and  maintenance  potentials  are  shown  versus  spacing^  at  an  emitter  tem¬ 
perature  .  i  lb  1  5  K  and  a  ces  am  temperature  of  312  C.  The  corrected 
breakdown  curve  :s  steeper  loan  those  corresponding  to  255  C,  but  starts 
out  at  a  lower  voltage.  Again,  the  increased  slope  compared  to  the  255  C 
Cs  curve  is  due  to  Vie  increase  in  the  number  of  coilisor.s  resulting  be¬ 
cause  ol  the  higher  pressure.  The  maintenance  potentials  show  a  small 
dependence  or.  >p.»c:rg,  and  are  slightly  higher  in  value  than  the  255  C  C> 
tempe  raiure. 


Figure  12  shows  the  break d  wn  and  maintenance  potentials  versus 
emitter  temperature  tor  .»  spacing  >l  appruxima?'  1  .  10  mils  and  a  cesium 
reservoir  temperature  o!  >1  i  C.  it  . s  interesting  to  note  that  at  !i..?  nigh 
temperatures  where  arc  mode  oc  c  ir»  the  V  ^  t  0  -  0^  curve  levels  ..si 
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under  0.  3  volts.  When  the  emitter  temperature  is  higher  than  the 

J_!_  =  492  J  temperature,  the  potential  diagram  of  Figure  6b  should  apply 

tc  the  breakdown  conditions.  The  effective  breakdown  potential  is  then 

V'e  =  Vjj  4- 0e  -  0  +  Vc  -  V  .  At  high  emitter  temperatures,  the  corrected 

curves  for  both  the  breakdown  and  maintenance  potentials  level  off  very 

close  to  the  first  resonance  level  of  Cs  (1.38  and  1.45  ev).  This  strongly 

suggests  a  multi-step  process  as  the  cause  for  the  arc  mode.  Again,  it 

must  be  emphasized  that  the  correction  Vr  -  V  is  based  on  electron 

density  and  temperature  measurements  taken  at  much  higher  emitter 

temperatures  (2470  K)  than  those  used  here.  Therefore,  the  reliance 

that  can  be  placed  on  curves  with  the  V„  -  V  correction  is  small. 

c  p 

In  order  to  obtain  a  precise  knowledge  of  the  various  sheaths  in 
the  discharge  mode,  it  is  necessary  to  make  three  types  of  measurements  - 
the  emission  from  both  the  emitter  and  collector,  the  discharge  parameters, 
and  finally  the  electron  densities  ana  temperatures  in  the  converter  gap. 

In  the  Ta  experimental  tube  described  thus  far,  the  firsl  two  types  of 
measurements  were  made,  while  the  third  measurement  was  calculated. 

An  experimental  tube,  attempted  during  the  latter  half  of  the  program, 
would  have  permitted  making  the  three  type  of  measurements.  However, 
this  tube  was  never  successfully  operated  because  of  several  mishaps. 

The  tube  had  the  following  features. 

(1)  Both  emitter  and  collector  could  be  heated,  thus  enabling 

a  more  precise  evaluation  of  the  emission  characteristics. 
Also  the  contact  potential  correction  in  the  shield  calcu¬ 
lations  would  be  eliminated  if  both  electrodes  were  main¬ 
tained  at  the  same  temperature  during  the  discharge 
measurements. 

(2)  Adjustable  emitter  -  collector  gap. 

(3)  Sapphire  windows,  permitting  more  sensitive  spectro- 
graphic  measurements  of  the  plasma  properties. 

(4)  Shielded  probe  in  the  surface  of  one  guard  ring  permitting 
a  check  on  the  spectrographically  determined  densities 
and  temperatures. 

(5)  A  tungsten  filament  for  a  more  precise  calibration  of  the 
spectrometer  and  temperature  measurements. 


# 
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(6)  Two  identical  tantalum  electrodes  plus  a  guard  ring  for 
each  electrode. 

A  molybdenum-electrode  tube  with  adjustable  spacing  and  sapphire 
windows  was  built  during  this  contract.  It  too  was  not  tested  successfully, 
this  time  because  of  a  leak  in  one  of  the  press  leads. 

However,  measurements  were  taken  on  a  tungsten-emitter  tube. 

The  emitter  surface  was  a  tungsten  cap  which  was  diffusion  bonded  to  the 
closed  end  of  a  Ta  cylinder.  The  measurements  made  on  the  W-tube 
included  the  discharge  parameter  and  some  spectrogr aphically  deter¬ 
mined  ion  density.  Emission  measurements  were  not  made  due  to  a  fail¬ 
ure  of  the  W-Re  thermocouple.  The  temperatures  reported  in  the  follow¬ 
ing  paragraphs  were  taken  with  an  optical  pyrometer  and  were  corrected 
for  the  emissivity  and  transmission  of  the  experimental  apparatus.  The 
emission  data  of  Taylor -Langmuir  were  used  to  make  the  various  correc¬ 
tions  for  the  sheath  calculations  since  it  was  felt  that  these  emission 
data  are  not  strictly  applicable  to  this  particular  W  emitter  because  of 
the  various  phenomena  mentioned  in  the  emission  portion  of  this  report. 
However,  the  Taylor-Langmuir  data  are  used  to  give  a  rough  idea  of  the 
sheath  potentials. 

In  Figure  13,  the  breakdown  potential,  Vg,  and  the  maintenance 

potential,  Vj^,  are  presented  for  a  pressure  corresponding  to  267°C  for 

the  Cs  bath  temperature  and  for  two  emitter  collector  spucings.  These 

data  are  very  similar  to  those  taken  with  the  Ta  tube.  Figure  14  shows 

o 

the  Vg  and  Vj^  taken  at  a  bath  temperature  of  314  C  for  the  same  two 
spacings. 

During  these  measurements,  the  ion  or  electron  densities  were 
determined  by  a  technique  first  used  for  Cs  by  L.  Agnew  and  P.  M.  Stone 
of  Los  Alamos.  This  method  consists  of  measurements  of  certain  cesium 
line  widths  which  have  been  broadened  by  what  is  known  as  plasma 
broadening.  Plasma  broadening  is  essential  because  of  the  spreading  of 
atomic  energy  levels  due  to  a  perturbation  caused  by  ions  and  electrons 
of  the  dense  plasma  while  the  atom  is  in  the  process  of  radiating.  Plasma 
broadening  is  far  greater  than  broadening  due  to  other  causes,  and  is 
easily  measured  since  the  half  width  is  in  trie  order  of  several  Angstroms. 
In  general,  plasma  broadening  depends  on  both  the  ion  density  and  temper¬ 
ature.  However  Agnew  and  Stone  discovered  that  the  broadening  of  the 
fundamental  series  of  Cs  is  nearly  proportional  to  the  ion  density  and 
nearly  independent  of  temperature. 
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In  this  study,  the  line  broadening  was  measured  by  a  Jarrell-Ash 
500- mm  Ebert  scanning  monochromator  with  a  resolution  of  52.R/  mm. 

The  monochromator  was  equipped  with  adjustable  slits.  An  ion  density 
of  6.  5  x  10^  per  cm^  was  found  for  the  discharge  mode  at  a  pressure 
corresponding  to  a  bath  temperature  of  267  C.  Figure  15  shows  the 
measured  ion  density  versus  emitter  temperature  along  with  Vg  and 
for  an  emitter  collector  spacing  of  0.050  inch  and  a  cesium  bath  temper¬ 
ature  of  314  C„  Ion  densities  were  obtained  from  the  half  width  of  the 
6870  Angstrom  line.  By  assuming  Langmuir- Taylor  emission  data,  and 
using  the  Saha  equation  to  find  the  electron  temperatures  corresponding 
to  the  measured  arc  ion  density,  the  various  corrections  were  made  for 
the  collector  sheath  in  the  breakdown  case,  and  for  the  emitter  sheath 
in  the  maintenance  case. 

Figure  16  shows  the  calculated  emitter  sheath  potential  and  the 
measured  ion  densities  versus  emitter  temperatures  for  an  emitter- 
collector  spacing  of  0.050  inches  and  a  bath  temperature  of  314  C.  These 
data  are  for  the  case  when  the  tube  is  operating  as  a  converter  in  the 
discharge  mode. 

These  tungsten  data  are  in  general  agreement  with  the  tantalum 
data,  but  before  more  precise  conclusions  can  be  drawn,  the  emission, 
the  discharge  parameters,  and  the  plasma  properties  must  be  measured 
simultaneously  in  a  single  experimental  tube. 

It  was  observed  that  discharges  can  be  started  and  maintained  be¬ 
tween  sections  of  the  same  electrode  when  there  is  a  temperature  gradient 
along  the  electrode.  For  example,  at  a  temperature  of  255  C  for  the  Cs 
equilibrium,  a  visible  discharge  occurs  between  the  hot  thin  sections  of 
the  Ta  emitter  cylinder  and  the  emitter  heat  shielding.  This  discharge 
can  be  started  by  either  going  to  high  emitter  temperatures  or  by  striking 
a  discharge  in  the  emitter-collector  gap.  The  usual  hysteresis  is 
observed,  and  the  discharge  disappears  at  approximately  1440  K. 

SUMMARY 

The  emission  resuhs  indicate  that  this  particular  Cs-Ta  surface 
has  an  emission  capability  greater  than  that  reported  by  Langmuir  and 
Taylor  for  Cs-W,  with  the  emission  maxima  shifted  to  lower  emitter 
temperatures.  The  large  enhancement  of  the  emission  during  the  dis¬ 
charge  is  believed  due  to  the  lowering  of  the  work  function  by  the  effective 
increase  in  adsorption  due  to  the  retarding  effect  for  ions  of  the  field  at 
the  emitter  surface.  The  discharge  parameter  study  indicates  that  at  a 
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pressure  of  the  order  of  1  mm  and  high  emitter  temperature,  the  dis¬ 
charge  mode  is  the  result  of  a  multi-step  process.  The  emitter  sheath 
potentials  available  appear  close  to  the  first  resonance  level. 

Ion  densities  dete -mined  by  line  broadening  and  the  discharge 
parameters  were  measured  on  a  tungsten-emitter  tube.  These  tungsten 
data  are  similar  to  the  tantalum  data.  However,  these  results  manifest 
the  need  for  having  the  emission,  discharge  parameters,  and  plasma 
properties  measured  simultaneously  in  the  same  experimental  vehicle. 
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EMISSION  CURRENT  vs  VOLTAGE 
FOR  VARIOUS  SPACING  NEAR  THE 
EMISSION  PEAK 
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Figure  2  -  Retarding  plot  for  various  emitter  collector 
spacings,  S.  The  spacing,  S,  is  given  in 
thousands  of  an  inch  (mils) 
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EMITTER  CURRENT  DENSITY  (AMP  /  CM2  ) 


Figure  3  -  Schottky  plot  illustrating  the  anomalous  Schottky 
region.  The  triangles  are  the  original  data  while 
the  circles  are  the  same  data  corrected  for  the 


contact  potential  difference 
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Figvjre  -l  -  Emission  turves  for  the  Ta-Cs  system  showing 
distortion  near  the  emission  minimums 
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BREAKDOWN,  MAINTENANCE  POTENTIALS  vs  SPACING  FOR  DIFFERENT  EMITTER  TEMPERATURES 
•746°K  *843°K  o9!5°K  o975°K  o|095°K  *II84*K  .1317°  K  I90°C-C$ 


Figure  7a  -  Spacing  dependence  of  the  breakdown  and 
maintenance  potentials  for  various  emitter 
temperatures  at  190°C  for  cesium 


III- 2  5 


VM  +  $e~  4c  Mts)  VB  +  4*  -  4C  (volts ) 


BREAKDOWN,  MAINTENANCE'  POTENTIALS  vs  SPACING  FOR  DIFFERENT  EMITTER  TEMPERATURES 
CORRECTED  FOR  CONTACT  POTENTIAL 


Figure  7b  -  Data  oi  Figure  7a  corrected  for  contact  potential 
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Figure  8a  -  Breakdown  and  maintenance  potential  dependence 
on  emitter  temperature  (thermocouple  reading) 
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Figure  8b  -  Data  of  the  10- mil  spacing  curve  of  Figure  8a  with 

the  appropriate  corrections  for  the  contact  potential, 
0e  '  0C»  the  emitter  sheath,  Ve,  the  collector  sheath, 
V  ,  and  the  plasma  drop,  V 
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Figure  9a  -  Spacing  dependence  of  the  breakdown  and  maintenance 
potentials  for  different  emitter  temperatures  for  a 
cesium  temperature  of  255°C 
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Figure  9b  -  Data  for  Figure  9a  corrected  for  contact  potential 
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Breakdown  and  maintenance  potenitals  versus 
emitter  temperature  for  various  spacings  for 
a  cesium  temperature  of  255°C 


1300 


2000 *K 


700 


1000 


1600 


Figure  10b  -  Data  of  Figure  10a  witk  the  various  corrections 
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Figure  11  -  Spacing  dependence  of  the  breakdown  and  maintenance 
potentials  for  a  cesium  temperature  of  312  C 


III- 33 


Figure  12  -  Breakdown  and  maintenance  potentials  versus  emitter 
temperature  for  a  cesium  reservoir  temperature  of 
315°C,  along  with  the  corrected  curves 
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Figure  13  -  Breakdown  and  maintenance  potentials  versus  emitter 
temperature  for  the  tungsten  emitter,  for  a  cesium 
bath  temperature  of  267  C  and  emitter  collector  spacing 
indicated 
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Figure  14  -  Breakdown,  Vg,  and  maintenance  potentials  versus 
emitter  temperature  for  the  tungsten  emitter,  for  a 
cesium  bath  temperature  of  314°C  and  spacings 
indicated 


III- 36 


VOLTS 


IOOO  1200  1400  1600  1800  2000  2200 

T*  K 

Figure  15  -  Breakdown  and  maintenance  data  along  with  ion  density 
measurements  for  a  cesium  bath  temperature  of  314°C 
and  a  spacing  of  0.050  inch.  Results  of  the  sheath 
calculations  versus  emitter  temperature  are  indicated 
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Figure  16  -  Calculated  emitter  sheath  potential  and  measured 
ion  density  versus  emitter  temperatures  for  a 
cesium  bath  temperature  of  314°C  and  a  spacing 
of  0.0 50  inch 


